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INTRODUCTION 

i  ung  cancer  is  the  most  deadly  cancer  in  the  world  and  the  leading  cause  of  cancer-related  mortality 
sr<  doth  men  and  women.  In  2006,  there  will  be  an  estimated  174,470  new  cases  of  lung  cancer  and 
;  52,460  deaths  in  the  United  States,  which  are  more  deaths  than  those  predicted  for  breast,  prostate, 
and  colorectal  cancers  combined  (Jemal  et  a!.,  2006),  The  5-year  overall  survival  rate  of  patients  with 
■no  cancer  is  extremely  poor  at  less  than  16%  compared  to  7%  in  1970s  (Jemai  et  al.,  2006), 
Progress  n  conventional  treatment  options  (surgery,  radiation,  and  chemotherapy)  has  been  minimal, 
caching  a  ceiling  in  the  cure  of  lung  cancer.  Therefore,  new  therapeutic  approaches  are  desperately 
eeded  to  improve  patient  survival  with  lung  cancer. 

jndeista  riding  of  the  biology  of  lung  cancer  from  different  perspectives  is  the  basis  for  development 
of  new  therapeutic  modalities  for  lung  cancer.  In  2002,  we  developed  the  TARGET  (Translational 
Approaches  for  the  Reversal,  Genetic  Evaluation  and  Treatment  of  Lung  Cancer)  Program  with  ten 
diverse  seed  projects  designed  to  obtain  data  in  both  preclinicat  and  clinical  settings  to  help 
understand  the  epidemiology,  molecular  biology,  genetics  and  epigenetics  of  lung  cancer  in  the 
context  of  tobacco-damaged  aerodigestive  tract  tissues,  anti-tumor  activities  of  promising  therapeutic 
agents  and  the  development  of  orthotopic  murine  human  lung  cancer  models  to  test  the  effects  of 
ami-ar  giogenesis  and  chemotherapeutic  agents.  Specific  aims  are: 

*  To  understand  the  epidemiology  of  lung  cancer  to  accurately  identify  patients  most  likely  to 
develop  cancer  by  identifying  genetic  susceptibility  markers  related  to  DNA  repair  capacity  in 
lung  cancer  using  both  surrogate  and  target  tissues; 

»  To  study  the  genetic  instability  induced  by  tobacco  related  carcinogens  and  the  effects  of 

chemoprevention  on  its  reversal; 

*  To  identify  and  characterize  novel  biomarkers  for  early  diagnosis  of  lung  cancer. 

*  f  o  investigate  prognostic  roles  of  hypemnethylation  of  death-associated  protein  (DAP)  kinase 

and  p16; 

*  To  evaluate  the  effects  of  epigenetic  approaches  on  DNA  methytation,  histone  deacetylation, 
and  growth  of  non -small  cell  Sung  cancer  (NSCLC)  cell  lines; 

«  To  understand  the  molecular  mechanisms  of  the  tumor  suppressor  gene  FUS1  on  a  global 

scale; 

«  To  develop  orthotopic  and  metastatic  lung  cancer  models  in  mice  and  examine  the  effects  of 
anti-angiogenic  and  chemotherapeutic  agents  using  the  models  to  identify  optimal  therapeutic 

combinations  in  lung  cancer  patients. 

a:  .eve  the  objectives,  we  proposed  the  ten  research  projects,  and  Administrative  and  Biostatistics 
and  Data  Management  Cores  for  three  years  with  one-year  extension. 

he  nnai  report  summarizes  work  conducted  over  the  entire  research  period,  highlights  key  research 
rtvccompiishmerts  and  reportable  outcomes  with  a  bibliography  of  all  publications  and  meeting 
abstracts  derived  from  TARGET,  and  includes  a  list  of  personnel  receiving  pay  from  the  research 

effort. 

BODY  OF  PROGRESS  REPORT 

Project  1 :  Molecular  Epidemiology  of  Lung  Cancer 

Project  Leader:  Margaret  Spitz,  M.D.,  M.P.H.) 

The  current  approach  to  risk  assessment  is  multi-tiered,  beginning  with  the  least  invasive  approach, 
vmphocyte  analysis,  and  proceeding  to  the  most  invasive  approach,  analysis  of  target  tissue,  e.g. 
mg  tissue  We  now  have  an  extensive  set  of  data  on  phenotypic  and  genotypic  markers  of 
susceptibility  as  predictors  of  lung  cancer  risk.  However,  we  do  not  know  how  well  these  data  that  are 
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•  -  from  surrogate  tissue  (lymphocytes)  reflect  events  at  the  level  of  the  target  tissue.  Therefore, 

■  e  logical  next  step  in  risk  assessment  is  to  correlate  these  surrogate  phenotype/genotype  data  with 
ssue  specific  analyses  from  bronchial  epithelial  cells,  bronchial  washings,  and  tumor  tissue.  Our 
long-term  goal  is  to  determine  if  these  lymphocyte  markers  are  an  adequate  reflection  of  genetic 
-vents  in  the  target  organs  and/or  tissues.  This  finding  will  have  substantial  implications  for  future 
large-scale  population-based  molecular  epidemiology  studies,  as  well  as  for  identification  of  high-risk 
subgroups  for  preventive  interventions. 

Summary  of  Research  Findings: 

Specific  Aim  1:  Create  a  specimen  and  data  resource. 

Planned  to  enroii  a  consecutive  series  of  100  lung  cancer  cases  of  any  histology,  age,  gender  and 
ethnicity,  undergoing  thoracotomy  for  definitive  therapy.  These  patients  will  have  detailed 
-p'rie  moiogic  risk  assessments  including  tobacco  exposure,  dietary  intake  and  family  history.  Blood 
samples,  bronchia!  washings  and  bronchial  biopsies  will  be  obtained  on  each  patient. 


Findings:  We  have  consented  178  patients  since  receiving  DoD  approval  in  May  2004.  158  of  these 
patients  have  completed  surgical  resections  to  date.  For  131  patients  we  have  both  bronchial 
hrushings  and  stood,  87  (51%)  participants  are  female  and  64  (49%)  are  male,  125  (95%) 
oarticrpants  are  white.  4  (3%).  19  are  less  than  55  yearn  of  age,  as  shown  in  Table  1. 


Specific  Aim  2:  Surrogate  risk  markers 
We  wii»  perform  a  pane!  of  genotypic  (select 
:  olymorohisms  in  DIMA  repair  genes)  and  functional 
ONA  repair  capacity,  mutagen  sensitivity,  and 
COMET)  assays  of  genetic  susceptibility  on  peripheral 
•ymphocyte  DNA  from  the  100  patients  identified  in 
Specific  Aim  1 . 

Findings:  We  have  genotyped  for  selected 
polymorphisms  in  DNA  repair  genes  and  performed 
functional  assays  (DNA  repair  capacity,  mutagen 
sensitivity,  COMET)  on  peripheral  lymphocyte  DNA 
om  me  patients  identified  in  Specific  Aim  1. 

Mutagen  benzo[a]pyrene  diol  epoxide  (BPDE)- 
iduced  mutagen  sensitivity  in  lymphocytes  (a 
■measure  o;  overall  genetic  instability)  was  significantly 
mositi  v  associated  with  3p  deletions  in  lymphocytes 
mn  FISH  analysis  (p=0,0066)  as  well  as  3p 
.joerrations  (p=0.0024)  and  borderline  significantly 
associated  with  FISH  10q  aberrations  (p=0.0570)  in 
lymphocytes  fTabie  2). 
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IgsjgXggrrgjatjons  between  MutMenSaOiiMty  and  Loci  Specific  Genetic 
instaWfily  in  Lymphocytes  - - - - 

8PQE  sensitivity  bpSpdei  bp  1 0qdei  hpSpabej^  _  bpIQqabar 


N 

67 

67 

66 

67 

Corr  coefficient 

0.3289 

0.2077 

0,3679 

0.2337 

P-vatue 

0.0066 

0,0917 

0-  0024 

Q.0570 

Abbreviations:  bp3j>del:  BPDE-tnduceci  3p  deletion:  bp3paber:  BPDE-induced  3p 
aberrations;  bpiGqdel:  BPDE-induced  IDq  deletion;  bpl  Oqaber:  BPOE^nduced  lOq 
aberrations;  Correlation  coefficient  was  obtained  from  Spearman's  correlation 
coefficient  test. 


Specific  Aim  3:  Target  markers 

:  determine  the  genetic  susceptibility  profile  in  target  tissue,  we  will  establish  bronchial  epithelial  cell 
lures  from  fresh  tumor  specimens  at  thoracotomy  of  the  100  lung  cancer  patients  from  Specific  Aim 
and  perform,  in  parallel,  phenotypic  DNA  repair  capacity  and  mutagen  challenge  assays. 

Findings:  Table  3  summarizes  FISH  studies  completed 
'  date  and  the  actual  values  for  the  FISH  studies  in  the 
roncbial  brushes  and  touch  preparations  as  well  as  the 
lymphocytes. 


Dr  Pe  er  Koo  has  received  63  bronchia!  epithelial 
samples  and  successfully  cultured  50  that  have  been 
sharec  with  the  labs  of  Drs.  Xifeng  Wu  and  Qingyi  Wet. 
We  tested  all  functional  assays  on  commercially 
available  cells.  For  the  DNA  repair  assay,  we  inoculated 
me  frozen  cells  in  24-welt  culture  plate  and  did 
:ra,nsfection  with  BPDE-damaged  luciferase  plasmid  into 
*nese  passage  2  cells,  and  obtained  a  dose  response 
curve  for  DNA  repair  capacity  (DRC).  We  aiso 
established  dose  response  curves  for  both  the  BDPE 
..nd  gamma  radiation  comet  assay  experiments  and 
‘  elected  the  bestdose  for  each.  DNA  repair  capacity 
,ata  are  available  on  41  of  these  samples  with  a  mean 
(SD)  of  14.8(10.2). 


"■e  ■■  ■:.  vas  no  evidence  of  correlation  between  DRC  of  the  target  cells  and  lymphocyte  DRC  from  the 

same  subjects  (P~0,3187).  data  not  shown. 

Specific  Aim  4:  Assess  concordance  of  findings  in  paired  samples 

We  wjH  compare,  using  FISH  analyses,  the  rate  of  concordance  of  DNA  deletions  at  3p21.3  and 

!0q22  loci  in  cells  obtained  from  bronchial  washings  and  peripheral  lymphocyte  cultures  of  the  same 

patients. 

Findings:  There  is  a  significant  correlation  between  BPDE-induced  mutagen  sensitivity  as  assessed 
m  the  lymphocytes  and  3p  and  10  q  aberrations  in  bronchial  brushing  epithelial  cells  from  the  non- 
;umor  side  and  uninvoived  lung  tissue,  but  not  with  the  tumor  tissue  (Table  4). 


Jjiut  7  i  |  |l  J^zmidUsm^ 


variable 

H 

Mean(SD) 

Range 

cep3/3pB8/NT!%0et) 

129 

2-07(1,75) 

0.08*0 

cep3/3p'BB/Tf%Oab 

133 

5-32(3*92) 

0.0-30.0 

cep3/3p*TR/T{%D*i| 

110 

15.26(9.3 1} 

3-0-53.0 

csp3/3p-TF/A8(  %Qa\j 

72 

4,2512.34) 

0.0-16.0 

cep3/3p-TP/NT(%0el) 

99 

3-22(2-84) 

0.0-14.0 

cep10M0q-BB/NTi%OeiS 

127 

1-20(1*31) 

0*08.0 

cepl  0/1  Oq-BB/Tt%Def! 

132 

3,81(1.98) 

0,0-11,0 

cepl  0/10q-TP,'T(%Del) 

109 

10*61(6,52? 

q 

0* 

6 

cep  1 0/1  Oq-Tp/AB(%Del) 

73 

4,21(2*50) 

1.0-14.0 

C8p10/10q-TP/iVfT(%Oel! 

S7 

2.20(1*96) 

0*0-9, 0 

cep3p-bpde!%Del) 

111 

2.02(0-56) 

0.8-4.2 

cep10q*bpde‘%Dei) 

m 

1  *61  (0*51  j 

0.6^3. 2 

Abbreviations:  BBT,  bronchial  brushings  on  tumor  side:  B8N, 
bronchial  brushings  on  normal  side;  TT,  turner  tissue;  NT* 
adjacent  normal  tissue  _ 
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of  S&nsitivjty  3p  W  10  Q  m  target  tissue 

. . . 3P . . . . . .  . . . . 

lOq 

— — — 

BPDE^ns 

mis 

asN 

TT 

m 

AT 

:■  jl.  ;i 

BBT 

BBN 

TT  NT 

H 

106 

87 

79 

71 

51 

108 

89 

m 

78  68 

Cm 

0.308 

0,0477 

0.1844 

0.2813 

0.3S8 

0.1657 

0.118 

0,2344 

0.0522  0.2905 

P-mim 

mats 

0.6608 

0.1038 

0-0*37 

0,0033 

0.0866 

0.2665 

0M31B 

0.8499  0.0755 

A;  !>fnviancm$:  BST.  farancfel  bmsnings  on  tumor  stoe;  BBN,  bronchial  brushing®  on  normal  side;  TT,  tumor  tissue;  NT,  adjacent 
•v  "  y  : issue;  Correlation  coefficients  were  obtained  from  Spearman's  correlation  coefficient  test. 


vvs  have  also  correlated  F!SH  data  with  smoking  phenotype  data  {Table  5),  No  significant 
■  Direlations  were  noted.  However,  3p  deletions  and  lOq  deletions  in  bronchial  brushes  from  either 
■of  mat  and  tumor  side  of  bronchial  brushes  and  tumor  preps  were  strongly  correlated. 


'  wte  5  Concotdmm  of  FfSH  data  and  smoking  data 


Carr 

P  mlm 

Cm.  Cmt *  P  vaiut 

Can.  Coef. 

P  value 

Carr.  Coef, 

P 

Coft\  Coef. 

cepSSpTPNT 

Corr.  Coef. 

oep$pTPtfT 

P  value 

Packyf 

t 

04618 

04  626 

041? 

0.3014 

04  725 

04629 

0.1053 

0.1434 

a*B3pB3NT 

0.1610 

04  026 

1 

0,4378 

<0.0007 

0,2352 

0.0752 

0.0481 

-0,0268 

0.7341 

‘j-Kp3pB0T 

0  117 

0,3014 

0,4978 

<0,0007 

1 

0.3662 

0,0001 

0,1268 

0,1 8S4 

0,0804 

:ec3pTPT 

a,  i  im 

04  629 

0,2362 

0.0152 

0,3862 

Q.QQQ7 

1 

0,5421 

0.4727 

<0.007 

0  1063 

0.6014 

0,0481 

0  6902 

0.1258 

0.292 2 

0.5421 

<0,001 

1 

0J559 

<0,00* 

f»3pTPfNT 

0  1012 

04434 

-0,028 8 

0.7941 

04  894 

0.0604 

0,4727 

<0.001 

0.559 

1 

OqBBN' 

Q.G40 

0  6832 

0,308 

Q.rnos 

0.2821 

0.003 

0.0489 

0.0236 

0.0023 

0.0963 

0.3509 

captQqSBT 

04  826 

0.1522 

0,2302 

Q. 0089 

0.4953 

<0.007 

0,2421 

QM1W 

04  859 

0.2556 

0.0111 

cepl  GqTFT 

o.ooe 

omis 

0.095? 

0.3316 

0,0085 

0.9302 

0.1903 

0  0455 

0.0852 

0,1089 

0.2856 

tapIQqTPAB  o.oasa 

0.6708 

0  1147 

0.3375 

-0.0492 

0.6794 

0.3333 

o.orn 

0,373 

0.1834 

0.1258 

m&itiqrmr 

0.0665 

0.6169 

0.1631 

0.1143 

04  28? 

0.21 15 

0.1844 

0.0722 

0.3265 

0-2543 

0,0729 

v&habla 

packy? 

Ppackyr 

«*p  10qB8NT  oaolomiBNT  cspl  OqBBT 

cep! OqBBT 

cspl Oq TFT  ceplOqTPT 

csplOqTPAB 

cap ' 1 0 qT PNT  1  GqT P  N  T 

Corr 

Ct>«r 

P  value 

Corr,  Cost.  P  vdm 

C err,  Gael. 

P  value 

Corr.  Coef.  P  value 

Corr.  Coet 

Corr.  Coel 

P  vafue 

F-askyr 

t 

0.D48 

0.6932 

04826 

0.1522 

0,009 

0.9428 

0,0888 

0,0665 

0.6169 

tmzpmm 

0.1818 

0.1626 

0,308 

a  moos 

0.2302 

0.0089 

0.0957 

0.3315 

04147 

0.1631 

04143 

cap3pB87 

0. 117 

0.3014 

0.2621 

0M03 

0.4953 

<0.007 

0.0086 

0,9302 

-0.0492 

04  287 

0,2115 

atpSpYPT 

0,1726 

0.1629 

0.0489 

0.6236 

0.2421 

0.0116 

0.1903 

0,0455 

0,3333 

04  844 

0.0722 

©*p3*iT MU 

0. 1083 

0.5014 

0.0023 

0,9848 

0.1659 

0.1637 

O.OS52 

0,4788 

0.373 

0.3285 

0.0055 

r:OP3pTPNT 

0.1912 

0.1434 

0.0963 

0,3509 

0,2558 

0,07*7 

0.1088 

0.2856 

04  834 

0.2543 

0.0129 

•-epiOqSSNr 

0,044 

0.6932 

1 

0,4287 

<0.001 

04  069 

0.2802 

0.0914 

0,3128 

0,0010 

ceplOgBST 

0,1026 

0.1522 

0.4267 

<0.007 

1 

04041 

0.2812 

-0,0452 

04  499 

04428 

csplOqTF? 

o.oos 

0.9428 

0.1069 

0,2802 

0.1041 

0,2812 

1 

0.4058 

0.3096 

0.002 

;ep  1  Ou  rPAS  0.0866 

0.5708 

0.0914 

0.4463 

•0.0452 

0.704 

0.4556 

0.0001 

1 

0,3675 

0.0015 

mpi<&i7PMT 

0.0666 

0  6169 

0.3128 

OMOW 

0.1499 

0.1428 

0,3098 

0.002 

0.3675 

1 

‘ . ™3pdel:  BPDE-induced  3p  deletion;  bp3paber:  BPDE-induced  3p  aberations;  bplOqdei:  BPDE-induced 

-iq  deteticn,  bpiOqaher:  BPDE-induced  lOq  aberrations;  Correlation  coefficient  was  obtained  from  Spearman’s  correlation 

ooeffieient  lest 


Here  vas  also  no  correlation  between  lymphocytes  and  epithelial  cells  of  the  same  patients  assayed 
■y  ONA  repair  capacity  (DRC)  and  the  comet  assay  {Table  6).  Taken  together,  we  have  put  these 
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findings  in  3  manuscripts,  in  which  2  were  submitted  and  1  in  preparation  as  detailed  in  Reportable 

Outcomes. 


Tattle  6:  Correlation  between  lymphocytes  and  epithelial  ceils  (data  of  comet  and  PRC) 


Variable 

N 

DRC_epithel(coeff.) 

Rvalue 

N(DRCJ-VM) 

DRC_LYM{coeff.) 

Pvalue 

Olive  tail  moment 

24 

-0.222 

0.296 

29 

0.001 

0  994 

BPDE  tali  moment 

24 

-0.014 

0.949 

29 

0.078 

0.689 

DRC_epithetial 

25 

1.000 

25 

-0.144 

0.491 

DRC  Lymphocyte 

25 

-0,144 

0.491 

30 

1.000 

j  spearman  test  for  correlation. 


n  addition  to  the  work  proposed  in  the  original  grant,  a  small  portion  of  the  fund  was  used  to  support 
our  ongoing  and  highly  related  studies,  which  resulted  in  5  peer-reviewed  publications  as  listed  in 

Reportable  Outcomes, 

Key  Research  Accomplishments: 

*  Consented  178  patients.  Exceeded  target  enrollment  of  100  patients  (131 )  with  both  bronchial 

brushings  and  blood. 

*  There  is  a  significant  correlation  between  latent  genetic  instability  as  measured  by  BPDE- 
induced  mutagen  sensitivity  in  the  lymphocytes  and  3p  and  lOq  aberrations  by  FISH  assay  in 
bronchia!  brushing  epithelial  cells  from  the  non-tumor  side  and  uninvolved  lung  tissue,  but  not 
with  the  tumor  tissue  of  the  same  patients. 

-  ON  A  repair  capacity  data  are  available  on  41  epithelial  samples  with  a  mean  (SD)  of  14.8 

HO  2}  There  was  no  evidence  of  correlation  between  DRC  of  the  cells  and  lymphocyte  DRC 

from  the  same  subjects  (P=0.3187). 

■*  BP OE  sensitivity  in  lymphocytes  (a  measure  of  overall  genetic  Instability)  was  significantly 
positi  'ely  associated  with  3p  deletions  in  lymphocytes  on  FISH  analysis  (p=0.0066)  as  well 
as  3p  aberrations  (p=0.0024)  and  borderline  significantly  associated  with  FISH  lOq 

aberrations  (p«0.Q570)  in  lymphocytes. 

*  3p  deletions  and  lOq  deletions  in  bronchial  brushes  from  either  normal  or  tumor  side  of  bronchial 
brushes  and  tumor  preps  were  strongly  correlated. 

,  subset  of  the  cases,  there  was  no  correlation  between  lymphocyte  markers  and  those  in 
epithelial  cells.  However,  the  complete  data  set  has  yet  to  be  analyzed. 

Reportable  Outcomes 

Articles  in  peer-reviewed  journals; 

Sarkan  GA,  Caraway  NP,  Jiang  F,  Zaidi  TM,  Fernandez  R,  Vaporciyan  A,  Morice  R,  Zhou  X, 
Sekele  BN,  Katz  R.  Comparison  of  molecular  abnormalities  in  bronchial  brushings  and  tumor 
touch  preparations.  Cancer  Cytopathology  105:  35-43,  2005. 

E  -Zein  R,  Schabath  MB,  Etzel  CJ,  Lopez  MS,  Franklin  JD,  Spitz  MR.  Cytokinesis-Blocked 
Microoucteus  Assay  as  a  Novel  Biomarker  for  Lung  Cancer  Risk.  Cancer  Res  68:  6449-56,  2006. 
So  J.  Berman  DM,  Lu  C,  Wistuba  IS,  Roth  JA,  Frazier  M,  Spitz  MR,  W u  XF.  Aberrant  Promoter 
Methyjation  Profile  and  Association  with  Survival  in  Patients  with  Non-Smaii  Cell  Lung  Cancer. 

Clin  Cancer  Res  (in  press),  2006. 
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4  Gu  J ,  Spitz  MR,  Wu  X.  Polymorphisms  of  STK1 5  (Aurora-A)  gene  and  lung  cancer  risk. 

Carcinogenesis  (in  press),  2006. 

5  Ltn  x,  Gu  j,  Lu  C,  Spitz  MR,  Wu  X,  Expression  of  telomere-associated  proteins  as  prognostic 
markers  for  overall  survival  in  patients  with  non-small  cell  lung  cancer.  Clin  Cancer  Res  {in  press}, 

2006 

Manuscripts  in  progress: 

Lm  X  ,  Wu  X,  Katz  R,  Shao  L,  Koo  P,  Spitz  MR.  Correlations  of  genetic  instability  markers  in 
surrogate  and  target  tissues  in  lung  cancer  patients  (in  preparation). 

,  Schabath  MB,  WeiG,  Greisinger  AJ,  Etzel  CJ,  Spitz  MR.  DNA  repair  capacity  and  prior  respiratory 
disease  jointly  modify  lung  cancer  risk.  Cancer  Res  (submitted)  2006. 

Wu  X,  Lin  J,  Etzel  CJ,  Schabath  MB,  Gorlova  OV,  Zhang  Q,  Dong  Q,  Amos  Cl,  Spitz  MR. 

Interplay  between  mutagen  sensitivity  and  epidemiological  factors  in  lung  cancer  risk.  Am  J  Hum 
Genet  (submitted)  2006. 

Meeting  Abstracts; 

Etzel  CJ,  Zhang  Q,  Schabath  M,  Dong  Q,  Wu  XF,  Wei  GY,  Spitz  MR.  Building  a  comprehensive 
quantitative  risk  assessment  model  for  lung  cancer.  Proc  AACR  46:#4051 ,  2005. 

Schabath  MB,  Wei  Q,  Xifeng  Wu  X,  Spitz  MR,  Prior  respiratory  disease,  DNA  repair  capacity,  and 
inflammation-related  genotypes  modify  lung  cancer  risk.  Proc  AACR  47:#5663,  2006. 
i  Wang  L,  Shi  G,  Guo  Z,  Qiao  Y,  Spitz  MR.  Wei  Q,  A  novel  assay  to  measure  the  capacity  to  repair 
N7 -guanine  site-specific  DNA  damage.  Proc  AACR  47:#6861 , 2006, 

W u  X.  Huang  M,  Gu  J,  Amos  C,  Shao  L,  Zhang  G  and  Spitz  M.  DNA  repair  and  cell  cycle  control 
pathways  in  lung  cancer  predisposition.  Proc  AACR  47:#5662,  2006. 

Wu  X  Lin  J,  Etzel  C,  Schabath  M,  Gorlova  O,  Zhang  Q,  Dong  G,  Amos  C  and  Spitz  M.  Interplay 
between  mutagen  sensitivity  and  epidemiological  factors  in  modulating  iung  cancer  risk.  Proc 

AACR  47  #435, 2006. 

'■*  ang  H.  Spitz  M,  Liu  J,  Gu  J.  Lu  C,  Stewart  D  and  Wu  X.  ATM  haplotype-tagging  SNPs  predict 
'"c  '-small  cell  lung  cancer  risk.  Proc  AACR  47;#445,  2006. 

Project-generated  resources; 

Our  NCI-funded  Lung  SPORE  project  builds  upon  this  specimen  and  data  resource.  The  SPORE 
reject  is  evaluating  telomere  length  in  peripheral  blood  lymphocytes  and  bronchial  brushings  from 
vie  same  patients  enrolled  in  our  DOD  project.  We  are  also  performing  FISH  studies  on  3p  and  lOq 
:  sputum  as  early  detection  markers. 

Conclusion: 

Mutagen  sensitivity  a  measure  of  overall  genetic  instability)  unmasked  by  in  vitro  exposure  to  benzo- 
8-pyrene  is  a  marker  of  constitutional  genetic  susceptibility  and  is  correlated  with  genetic  aberrations 
:n  bronchial  epithelial  cells  and  uninvolved  lung  tissue,  but  not  the  cancer  tissue.  Latent  genetic 
instability  in  lymphocytes  reflects  generalized  genetic  instability  in  the  normal,  but  not  cancerous 

target  tissue. 


Project  2;  Genetic  Instability  by  Smoking  Status 

(Project  leader:  Walter  Hlttelman,  Ph.D.) 

GD-acco  exposure  is  a  major  etiologic  factor  for  lung  cancer  and  risk  increases  with  smoking  intensity 
md  duration.  For  Sung  cancer  risk  assessment,  methodologies  are  required  that  can  quantify 
-accumulated  sung  damage  hypothesized  to  lead  to  a  mosaic  of  clonal  outgrowths  throughout  the 
monchial  epithelium.  Chromosome  in  situ  hybridization  is  a  useful  technique  we  used  to  estimate  the 
'-Agency  of  ceils  involved  in  clonal  outgrowths.  Now  there  is  a  need  to  verify  these  findings  by 
dependent  methods  and  to  develop  more  sensitive  techniques  for  detection  of  clonal  outgrowths  in 
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small  groups  of  cells,  and  to  evaluate  the  effects  of  smoking  cessation  and  /or  chemopreventive 
intervention  on  clonal  outgrowths.  Therefore,  we  proposed  this  study. 


Summary  of  Research  Findings: 

Specific  Aim  2.1:  To  determine  optimal  conditions  for  detecting  clonal  changes  using 
fluorescent  inter-simple  sequence  repeat  PGR  (FISSR-PCR},  standardize  and 
validate  FISSR-PCR  for  application  to  bronchial  biopsy  specimens 

Our  initial  studies  had  suggested  the  inter-SSR  PCR  could  be  used  to  sensitively  detect  the  presence 
of  clonal  outgrowths  in  small  tissue  specimens.  The  Aim  was  to  improve  the  technology  for  use  on 
tissue  sections  and  to  determine  the  sensitivity  and  reproducibility  of  this  technique  for  detecting 

clonal  and  subdonai  lung  ceil  populations. 


Rrtdings.  To  make  our  analyses  more  amenable  to  quantification,  we  explored  the  use  of 
fluorescence-labeled  primers  and  then  visualization  and  quantification  of  the  PCR-derived  bands  on 
aels  using  the  ABI  377  sequencer.  A  typical  output  of  a  run  is  shown  in  Figure  1  where  reference 
markers  are  included  to  better  carry  out  size 
determinations  of  the  detected  band  peaks.  The 
gels  are  scanned  during  the  run  and  each  lane’s 
results  can  be  plotted  as  a  line  plot. 


We  next  set  out  to  optimize  the  conditions  of  the 
mter-SSR-PCR  reaction  to  best  visualize  the 
DNA  fingerprints.  Once  the  reaction  conditions 
had  bean  optimized,  we  determined  the 
reproducibility  of  the  system  by  carrying  out 
parallel  PCR  reactions  on  the  same  DNA 
samples,  carrying  out  parallel  analyses  on 
separate  DNA  extractions,  and  then  carrying  out 
parallel  runs  on  the  AB!  sequencer.  As  shown  in 
Figure  2,  we  concluded  that  inter-SSR-PCR  was 
■  eproducibie  for  the  analysis  of  DNA  changes,  at 
feast  on  ceils  grown  in  vitro. 


Figure  1:  Illustration  of  typical  output  of  a  qb\  rim  of  PCR 
products  on  th e  ABI  377  sequencer*  T he  blue  products  a ra 
from  the  PCR  reaction  and  the  red  products  are  the  size 
references. 


Now  the?  we  had  optimized  the  Inter-SSR  PCR  ~  . / . ( . tT . I . . . 

reaction  for  ABI  377  sequencer  analysis,  we 
wanted  to  determine  whether  this  fingerprinting 
technique  could  detect  cumulative  clonal  changes 
m  lung  cells  as  they  progressed  toward  a 

malignant  phenotype.  For  this  purpose,  we  |  *  ;  j ,  j  j 

utilized  a  series  of  cell  lines  originally  developed  J. .  . .  _  Aj 

.  y  Kleln-Szanto  whereby  norma!  human  . " . ^  ' . 

ronchsai  epithelial  cells  were  immortalized  with  Figure  2.  DNA  fingerprints  of  PCR  products  from 

SV40  { BEAS2B  cells),  allowed  to  grow  in  rat  the  same  dna  isolate. _ 

•  ea  lining  (1799  cells),  and  then  treated  with  tobacco  smoke  condensate  to  generate  non¬ 
tumor-genic  (1198)  and  tumorigenic  (11701)  lines,  As  shown  in  Figure  3  and  Table  1,  inter-SSR  PCR 
analysis  of  these  celt  iines  demonstrated  cumulative  band  changes  as  cells  progressed  toward  the 
malignant  phenotype. 
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Fig  tire  3  :  DMA 

fingerprints  of 
SEAB2B 

(mm, 

(green),  1799 
(blue),  snd 
11701  (red)  cell 
populations. 
Arrows  indicate 
b&M  changes, 


:  c  determine  the  sensitivity  of  Inter-SSR  PCR  for  detecting  subclonal  variants,  we  subcloned  the 
BEAS28  line  into  monoclonal  outgrowths.  We  then  chose  two  clones  that  differed  in  two  bands 
Figure  4)  and  then  we  mixed  their  DNAs  in  different  ratios  prior  to  FISSR  PCR  analysis.  As  shown  in 
figures  4  and  5.  subclonal  variants  occupying  20% -2 5%  of  the  population  could  be  detected  by  this 
approach.  Next,  we  performed  a  similar  analysis  mixing  subclones  of  1 170  ceil  populations  at  various 
proportions  and  then  performed  inter-SSR  PCR  analysis  to  determine  our  ability  to  detect  the 
resence  of  subclones  within  the  population.  As  shown  in  Figure  6,  where  the  heights  of  the  peaks 
.  ■ere  plotted  as  a  function  of  the  relative  dilutions  of  the  two  cell  lines,  we  again  estimated  that  a 
subclonal  population  could  be  detected  by  FISSR-PCR  if  it  occupied  around  20%  of  the  total 
population. 
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Since  our  long-term  goal  is  to  better  understand  how  genetic  instability  leads  to  subdonal  outgrowths 
ung  tissue,  we  were  interested  in  comparing  the  degree  of  subclonai  variation  in  immortal  BEAS2B 
;s  and  tumohgenic  11701  ceils.  To  this  end,  we  isolated  monoclonal  fractions  from  each  cell  line 
me  carried  out  inter-SSR  PCR  on  each  clonal  outgrowth.  As  shown  in  Tables  2  and  3,  both  ceil  lines 
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showed  the  presence  of  subclonai 
populations.  However,  as  shown  in  Figure  7, 
the  tumohgenic  11701  cell  population  had  a 
higher  level  of  clonal  variation  than  did  the 
immortal  BEAS2B  cell  line.  Interestingly,  a 
significant  fraction  of  the  subclones  from 
each  cell  line  exhibited  common  individual  I — 

bands  that  were  not  evident  in  the  bulk  population 
monoclonal  outgrowth  in  multiwell  cultures.  A  repeat  study  where  monoclonal  outgrowths  were 
generated  and  analyzed  by  inter-SSR  PCR  showed  a  similar  phenomenon,  however  the  particular 
bands  selected  appeared  different  from  the  first  study  suggesting  that  the  culture  conditions  can 
■  :T  er  e  which  subciones  in  the  population  are  selected. 


■WS*F 


Table  3:  Subclonai  changes  in  11701  cells 
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Beas  2B  clones  (n  =  27) 


Vst&f&s-:'  i>t  rtuneti  f tow 


*  'siai n **m tier  of  change  p$r  dan* 


1 170-1  clones  {11  =  43) 


SutubrK  nf  maiitri  per  clem 


Figure  7.  Ctonsf 
variation  frequencies 
in  BEAS2B  and 

moi  cell 
populations  as 
assessed  fry  inter- 
SSR  PGR.  Note 
increased  numbers 
of  11701  subclones 
with  high  numbers  of 
band  changes  from 
tne  bulk  population, 


Cunutlarive  number  of  changes  per  clone 


-■  iexl  initiated  studies  to  determine  our  ability  to  carry  out  FISSR-PCR  on  cells  microdissected  from 
araffin-embedded  specimens.  The  first  studies  were  carried  out  on  cell  culture  pellets  that  have  been 
’omnaliivfixed  and  embedded  in  paraffin.  During  the  course  of  these  experiments,  we  found  that  the 
,se  of  paraffn-embedded  specimens  limited  our  ability  to  carry  out  analyses  on  very  small  amounts  of 
nicrorfissected  material  due  to  limitations  in  DNA  extraction  from  the  paraffin-embedded  material, 
imitations  in  the  size  of  the  PCR  products  to  about  500  base  pairs  due  to  formalin-induced  DNA  cross 
hhks  and  interference  of  detergent  used  in  the  DNA  extraction  with  the  fluorescence  signal  detection. 
-■Ve  therefore  decided  to  optimize  the  conditions  for  FISSR-PCR  reactions  for  use  on  frozen  material. 

.  ;e  focused  cn  three  initial  components  of  the  analysis.  First,  in  collaboration  with  Dr.  Ignacio 
-V'stuba,  we  compared  the  laser  capture  microdissection  technique  with  needle  dissection  and  found 
mat  Doth  techniques  were  suitable.  Second,  we  optimized  the  DNA  extraction  methodology  from  the 
-ozen  tissue  material,  with  or  without  phenol  extraction  and  ethanol  precipitation  and  examined  the 
effect  of  column  purification  of  the  DNA.  Third,  we  optimized  the  PCR  reaction  by  examining  different 
CR  systems,  including  the  effect  of  hot  start  PCR,  different  DNA  polymerases,  different  PCR  buffer 
systems,  and  different  PCR  temperatures. 


Once  tne  conditions  for  FISSR-PCR  analyses 
.vere  developed  for  frozen  material,  in 
.oliaboration  with  Dr.  Ignacio  Wistuba,  we 
btained  human  lung  samples  from  lung  tumor 
•ssection  cases  and  microdissected  out  multiple 
areas  rrom  the  tumor  specimens,  including  tumor, 
aromai,  and  apparently  normal  epithelial  regions. 
•  or  example,  for  human  lung  sample  case  252, 
i  ;rod:ssected  eight  regions  from  different 
Dads  of  the  resection  specimen,  including  three 
tumor  regions,  four  normal  epithelial  regions,  and 
one  stromal  region  (Figure  8)  as  well  as  a 
lymphocytic  region. 


We  carried  out  an  analysis  of  16  lung  cancer  cases  where  we  characterized  the  degree  of  clonal 
•a.-iation  between  different  regions  of  the  tumor  resection  specimen,  including  lung  tumor  regions  (1- 
2  regions  per  case;  mean  3,1),  normal  bronchial  epithelial  regions  (1-10  regions  per  case;  mean 
-  0) .  and  stromal  regions  (1-8  regions  per  case;  mean  2.1 ).  We  used  three  primer  sets  for  these 
’ cases,  including  a  Fam-(CA)SRG  primer,  a  Fam-(CA)3RY  primer,  and  a  FAM-(AGC)4Y  primer.  All 
■^actions  were  carried  out  in  triplicate  to  ensure  reproducibility.  Only  those  peaks  where  ail  triplicate 
profiles  consistently  showed  changes  at  least  50%  of  peak  height  were  counted  as  DNA  band 
changes,  The  utilization  of  three  primer  sets  permitted  analysis  of  between  224  and  328  different 
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bands.  Figure  9  provides  an  example  of  a  comparison  between  a  bronchial  epithelial  region  (blue, 
mauve,  and  turquoise  lines)  and  a  stromal  standard  for  the  case  (red,  peach,  and  yellow  lines).  As 
shown  in  this  figure,  two  band  changes  were  evident  in  the  bronchial  epithelium  compared  to  the 

stromal  region. 
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The  ciinicai  and  demographic  characteristics  of  the  16  lung  cancer  cases  whose  tumor  resections 
were  examined  by  FISSR-PCR  analysis  are  shown  in  Table  4.  15  of  the  16  cases  were 
adenocarcinoma  and  the 
remaining  case  was 
squamous  ceil  carcinoma. 

As  might  be  expected  for 
studies  based  on  surgical 
resection  specimens,  1 2  of 
the  16  cases  were 
pathological  stage  I  tumors, 

With  regard  to  smoking 
status  S  cases  involved 
former  smokers,  5  cases 
involved  current  smokers, 
and  two  cases  involved 
never  smokers. 

All  regions  dissected  from 
the  lung  cancer  specimens 
showed  band  alterations 
based  on  one  standard 
pattern  seen  in  an 
associated  stroma!  region, 

As  shown  in  Figure  1 0.  the 
tumor  regions  showed  the  highest  extent  of  clonal  alteration  compared  to  the  stromal  regions  (median 
0.03  band  changes  for  15  tumor  region  cases  analyzed).  Nevertheless,  the  degree  of  clonal  change 
varied  between  tumor  cases.  Of  importance,  significant  levels  of  clonal  change  were  also  apparent  in 
regions  dissected  from  normal  appearing  bronchial  epithelium  in  the  lung  cancer  specimens,  albeit  at 
ower  revels  than  that  observed  in  the  tumor  regions  (median,  1 ,89  band  changes).  Again,  the 
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degree  of  cionai  change  in  normal  appearing  bronchial  epithelium  differed  between  cancer  cases.  Of 
interest,  and  somewhat  surprisingly,  small  levels  of  clonal  alterations  were  also  detected  in  the 
stromal  regions  tn  some  lung  cancer  cases  (median,  0.43).  While  the  levels  of  clonal  alteration  in  the 
stroma  were  generally  small  compared  to  that  found  in  the  bronchial  epithelium  and  In  the  tumor 
regions,  it  was  still  detectable  at  fairly  high  levels  in  some  cases. 


• :  example  of  the  changes  observed  in  one  lung  tumor  specimen  is  illustrated  in  Figure  1 1  and  Table 
■>  in  this  case,  as  shown  in  Figure  3, 16  separate  tumor  regions  and  3  normal  regions  were 
•  «»cr odisseeied  and  subjected  to  FISSR-PCR  analysis.  The  frequency  of  band  changes  in  this  case 
■or  the  tumor  regions  was  14.6  while  that  in  the  normal  regions  was  1.6.  Of  interest,  not  all  tumor 
regions  snowed  identical  band  changes.  While  each  region  might  have  shown  some  common 
changes,  there  were  also  differences  in  specific  band  changes  from  region  to  region,  suggesting  both 
ionai  evolution  and  subclonal  variation  within  the  lung  tumor  specimen.  Also  of  interest,  some  of  the 
ormal  regions  contained  identical  individual  band  changes  also  found  in  the  tumor,  suggesting  a 
possible  precursor  to  product  relationship.  On  the  other  hand,  other  normal  regions  showed  no 
3mmon  changes  with  the  tumor  specimen  suggesting  a  different  premalignani  pathway  from  that 
associated  with  the  specific  multistep  tumorigenesis  pattern  In  the  tumor. 
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F  'Sure  1 1 .  Regions  microdissected  from  one  lung  cancer  case  Table  5.  Examples  of  band  changes  observed  in 

different  tumor  and  norma!  regions  of  ate  case 
shown  in  Figure  1 1 . 


■;  general,  the  data  shown  in  Figure  10  suggested  that  there  might  be  some  relationship  between  the 
egrees  of  clonal  alteration  in  the  tumor  regions  with  that  in  the  bronchial  epithelial  regions  in  the 
’umor  specimen  When  compared  on  a  case-by-case  basis,  however,  while  there  was  a  trend  for 
concordance  of  the  degree  of  cionai  change  in  the  tumor  and  bronchial  epithelial  regions,  the 
eiationship  was  not  strictly  monotonic  (Figure  12).  Similarly,  while  lung  tumor  specimens  from  former 
smokers  showed  a  slightly  higher  median  frequency  of  clonal  changes  when  compared  to  current 
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smokers,  them  was  a  high  degree  of  overlap  in  clonal  alteration  frequencies  between  the  two  groups 

(Figure  13). 
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regions. 


Taken  together,  these  studies  suggest  that  FiSSR-PCR  together  with  microdissection  is  sufficiently 
sensitive  to  quantify  clonal  and  subclonal  changes  in  lung  tissues,  including  tumor,  normal  bronchial 
epithelium  arid  even  stromal  regions.  These  data  provide  validation  of  our  prior  studies  utilizing  both 
premature  chromosome  condensation  and  in  situ  hybridization,  and  that  of  others  using  LOH  analysis, 
'hat  lung  tumorigenesis  represents  a  field  process  where  tobacco  exposure  can  create  genetic 
-ranges,  throughout  the  exposed  lung  tissue  leading  to  the  presence  of  multifocal  clonal  outgrowths. 


'  he  eveis  of  clonal  alteration  found  in  the  bronchial  epithelium  tend  to  be  less  than  that  found  in  the 
••  vacant  tumors  Nevertheless,  there  was  weak  concordance  between  the  levels  of  clonal  alteration  in 
me  tumor  and  in  the  normal  bronchial  epithelium,  providing  support  for  a  strength  component  to  the 
new  effect.  This  finding  is  important  in  the  setting  of  estimating  risk  of  individuals  without  cancer  since 
ii  suggests  thai  random  biopsies  can  still  provide  quantitative  information  for  the  tissue  field  as  a 
whole  The  studies  in  former  smokers  further  support  our  prior  in  situ  hybridization  data  suggesting 
"'•at,  despite  smoking  cessation,  clonal  outgrowths  remain  in  the  exposed  tissue  and  contribute  to 
•  toward  the  development  of  malignancy.  Studies  are  currently  ongoing  in  other  projects  to 
.  etser  understand  the  mechanisms  that  drive  clonal  outgrowth  and  continued  genomic  instability  in 
ung  tissues  of  former  smokers. 

specific  Aim  2.2:  Determine  whether  smoking  status  influences  changes  in  clonal  frequency 
and  determine  whether  chemopreventive  intervention  has  differential  Impact 
on  clonal  outgrowths  In  current  and  former  smokers 

■  the  FISSR-PCR  technique  for  the  analysis  of  the  degree  of  clonal  alterations  in  microdissected 
tissue  specimens,  we  initiated  the  next  set  of  studies  to  examine  and  compare  the  degree  of  clonal 
alterations  in  the  bronchial  epithelium  of  current  and  former  smokers  who  are  at  increased  risk  for 
jng  cancer  in  association  with  their  history  of  tobacco  smoke  exposure. 


H ndings:  As  described  above,  we  found  that  the  FISSR-PCR  assay  is  much  more  robust  when 
azen  tissue  is  utilized.  Therefore,  we  identified  a  series  of  frozen  bronchial  biopsies  from  a  group  of 
idiv-ouals  who  participated  previously  in  our  4HPR  chemoprevention  trial.  We  chose  two  groups  for 
further  study  based  on  the  presence  of  high  or  low  clonal  alterations  based  on  chromosome  in  situ 
hybridization  studies  on  paraffin-embedded  specimens. 


ve  earned  out  FiSSR-PCR  analyses  for  16  cases  that  had  participated  in  the  4-HPR  clinical  trial  that 
evolved  current  smokers  without  cancer.  The  clinical  characteristics  and  demographic  information  of 
ve  participants  are  shown  in  Table  6.  As  illustrated  in  Figure  14,  multiple  regions  (i.e.,  1-4  areas 
■vachf  of  bronchia!  epithelium  and  stroma  were  microdissected,  and  purified  genomic  DNA  was 


Page  16 


my  Award  QAMD17-G2-1-0706;  Principal  Investigator:  Waun  Hong,  M.D,  30  September  2006 

mai  Report:  Repotting  Period  01  September  2002  -  30  August  2QQ6  _ 

analyzed  by  FISSR-PCR  using  three  sets  of  primers  ((CA)sRG,  {CA)eRY,  and  (AGC)4Y),  providing  a 
laximum  of  350  informative  DNA  bands  of  varying  lengths.  As  shown  in  Table  7,  overall,  we  detected 
"cm  0  to  55  total  band  changes  per  miarodissected  epithelial  region  (median  =  1.5  per  100  DNA 
oands)  Different  regions  within  the  same  bronchial  biopsies  showed  both  common  and  distinct  DNA 
■anc  changes,  suggesting  subclonal  variations  even  within  a  single  biopsy. 
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Figure  14:  Example  of  ^pitheJiai  a tu 
stromas  regions  miorodsssea ed  for 
R$SR“PCR  analysis. 


Table  6;  Clinical  cbaraciehskcs  and  demographic  information 
of  life  16  participants  from  ilia  4HPR  chemoprevention  trial. 


4s  illustrated  in  Figure  15,  we  also  detected  from  0-20  total  band  changes  per  microdissected  stromal 
region  (median  =  1.0  per  100  DNA  bands),  suggesting  the  presence  of  clonal  outgrowths  even  in  the 
stroma.  Interestingly,  as  shown  in  Figure  16,  bronchial  biopsies  with  high  clonal  frequencies  in  the 
epithelial  component  also  tended  to  show  increased  clonal  change  in  the  associated  stroma  (p  =0.04, 
■wo-tailed  chi  square).  Importantly,  bronchial  biopsies  from  individuals  showing  high  clonal  changes 
■v  FISSR-PCR  also  showed  evidence  of  high  clonal  change  by  CISH  (R2  =  0.3)  (Figure  17). 
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saken  together,  these  studies  confirm  out  prior  observations  using  different  technologies  that  clonal 
genetic  changes  are  present  in  the  bronchial  epithelium  of  current  and  former  smokers.  Moreover, 
-uocionai  outgrowths  can  also  be  detected  in  the  stromal  component  underlying  the  epithelium.  The 
Degree  of  clonal  changes  in  the  stroma  correlates  positively  with  that  found  in  the  associated 
epithelium,  suggesting  a  possible  active  role  of  the  stromal  component  in  epithelial  clonal  outgrowth 
end  progression  toward  cancer.  The  levels  of  clonal  and  subclonal  outgrowth  measured  by  FISSR- 
"'O;  correlated  with  the  degree  of  genetic  change  as  measured  by  chromosome  in  situ  hybridization. 

Key  Research  Accomplishments 

Developed  the  sensitive  and  highly  reproducible  FISSR-PCR  technique  and  applied  it  to  detect 
clonal  and  subclonal  outgrowths  in  microdissected  epithelium  and  stroma  from  frozen  tissue 
stu^fesT  of  resected  lung  tumors  and  of  bronchial  biopsies  obtained  during  chemoprevention 

•  Demonstrated  increased  genetic  instability  and  increased  clonal/subclonal  heterogeneity  in  an 
m  vltro  modei  of  bronchial  epithelial  cell  populations  at  different  stages  of  lung  tumorigenesis. 
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*  Demonstrated  that  the  stroma  underlying  genetically  altered  bronchial  epithelium  also  exhibits 
clonal  and  subclonal  outgrowths.  The  degree  of  clonal  change  in  the  stroma  appeared  to  be 
related  to  the  degree  of  clonal/subclonal  change  in  the  bronchial  epithelium. 

*  Demonstrated  the  presence  of  clonal/subclonal  changes  in  the  bronchial  epithelium  and 
underlying  stroma  of  current  and  former  smokers  at  increased  risk  for  lung  cancer 
development.  The  degree  of  clonal/subclonal  change  detected  was  related  to  the  degree  of 
genetic  instability  measured  in  biopsies  of  the  same  subjects  by  chromosome  in  situ 
hybridization. 

Reportable  Outcomes 

Meeting  Abstracts; 

Kuelman  W  N,  Wang  G,  Koo  JSP,  Lu,  T.  The  spatial  distribution  and  etiology  of  genetic  instability 
m  organotypic  bronchial  epithelial  cell  cultures.  Proc.  AACR  46:3527,  2005. 

2  Lu  T.  Hlttelman  WN.  Assessment  of  subclonal  evolution  in  human  bronchial  epithelial  cell  lines 
progressing  toward  malignancy  by  fluorescence  inter-simple  sequence  repeat  PCR.  Proc  AACR 

44:894.  2003. 

•  in  1  Hstteiman  WN.  Improvement  and  application  of  fluorescence  inter-simple  sequence  repeat 
polymorphism  chain  reaction  for  the  study  of  subclonal  growths  in  lung  epithelial  cell  populations. 
Chest  125 (Suppl.  5):1 10-1  IIS,  2004. 

■2  Lu  T,  Hittelman  WN,  Quantitative  fluorescence  inter-simpie  sequence  repeat  PCR  for  subclonal 
analysis  of  bronchial  cell  populations.  Proc  AACR  45,  2004. 

Lu  1  Wistuba  11,  Hittelman  WN.  Detection  of  clonal  and  subclonal  outgrowths  in  the  upper 
aerodigestive  tract  of  current  and  former  smokers  with  lung  cancer.  Proc  AACR  46:#223Q,  2005. 
i-u  2,  Wistuba  II,  Hittelman  WN.  Existence  of  clonal  and  subclonal  outgrowths  in  the  bronchial 
epithelium  and  stroma  of  current  smokers.  Proc  .AACR  47:#462,  2006. 

Conclusion 

-ISSR-PCR  studies  confirm  the  in  situ  hybridization  results  and  show  that  this  technology  is 
tor  quantifying  the  extent  of  clonal  and  subclonal  outgrowths  in  the  bronchial  epithelium,  and 

Ro  demonstrated  that  the  stroma  underlying  the  damaged  bronchial  epithelium  could  undergo  clonal 

change  and  evolution,  suggesting  that  the  stroma  may  play  a  significant  role  in  lung  tumorigenesis. 


Project  3:  Epithelial  Biomarkers  of  Lung  Cancer:  Evaluation  of  Airway  Secretions  to  Study 
Lung  Carcinogenesis 

•Project  Leader:  Ja  Seok  Koo,  Ph.D.) 

4o$;  patients  with  lung  cancer  are  diagnosed  in  late  stages  due  to  the  limit  of  current  standard 
screening  tools.  Population  screening  methods,  such  as  sputum  cytology  and  chest  x-ray,  have  failed 
to  show  reduced  lung  cancer  mortality.  Therefore,  advanced  and  non-invasive  screening  tools  are 
■■^gently  needed  to  detect  lung  cancer  at  an  early  stage.  The  objectives  of  this  study  are  to  develop 
:ovei  'comarkers  for  early  diagnosis  of  lung  cancer  using  easily  accessible  samples  (sputum  and 
‘-■•-oochiai  washing)  and  to  generate  a  better  understanding  of  lung  cancer  development  and 
progression. 

Summary  of  Research  Findings: 

specific  Aim  1:  Identify  proteins  whose  secretion  or  release  is  different  in  squamous 

metaplastic  tracheobronchial  epithelial  cells  as  compared  to  normal  mucous 

epithelial  cells 

Phenotypes  of  the  cultures  of  primary  normal  human  tracheobronchial  epithelial  (NHTBE)  ceils  are 
dependent  on  retinoic  add  (RA)  when  the  cultures  are  maintained  in  air-liquid  interface  (AL!)  culture 
-netnoc;  C  ultures  maintained  in  RA-sufficient  media  generate  a  fully-differentiated  mucociliary 
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.-^oncnal  epithelium  mimicking  in  vivo  tracheobronchial  epithelium,  in  contrast  the  cultures  become 
squamous  metaplasia  in  RA-deficient  media.  To  identify  proteins  whose  secretion  or  release  is 
-fferent  :n  squamous  metaplastic  tracheobronchial  epithelial  cells  as  compared  to  normal  mucous 
epithelial  cells,  apical  surface  liquid  (ASL)  from  the  NHTBE  cell  cultures  grown  in  RA-sufficient 
mucous)  or  RA-deficient  (squamous)  media  were  collected  by  apical  washing  with  PBS.  Protein 
profiles  of  the  ASL  from  the  squamous  metaplastic  NHTBE  cultures  were  analyzed  by  two 
dimensional  polyacrylamide  gel  electrophoresis  (2-D  PAGE).  Initial  identification  of  protein  spots  on 
-  2-0  PAGE  was  performed  by  matrix  assisted  laser  desorption/ionization-time  of  flight-mass 
spectrometry  (MALOI-TOF)  and  nanoelectrospray-tandem  mass  spectrometry  (nES-MS/MS)  analysis 
n  collaboration  with  the  Proteomics  Core  Facility  in  our  institution. 

Findings;  Squamous-cell  carcinoma  (SCO)  in  the  lung  originates  from  bronchial  epithelial  cells  that 
acquire  increasingly  abnormal  phenotypes.  However,  there  are  no  known  biomarkers  that  are 
clinically  efficient  for  the  early  detection  of  premalignant  lesions  and  lung  cancer.  Here,  we  sought  to 
identify  secreted  molecules  produced  from  squamous  bronchial  epithelial  cells  cultured  by  organotypic 
culture  methods.  We  analyzed  protein  expression  patterns  in  apical  surface  fluid  (ASF)  from 
aberrantly  differentiated  squamous  metaplastic  normal  human  tracheobronchial  epithelial  (NHTBE) 
r' ;  mucous  NHTBE  cells.  Comparative  two-dimensional  PAGE  analysis  revealed  that  174  unique 
ote|ns  m  M**®  ASF  of  squamous  NHTBE  ceils  compared  to  normal  mucociliary  differentiated  NHTBE 
■*'  Among  them.  54  well-separated  protein  spots  were  Identified  using  liquid  chroma tography- 
;andem  mass  spectrometry,  revealing  22  different  proteins  in  the  ASF  from  squamous  NHTBE  cells 
Expression  of  6  of  these  proteins  (SCCA1 ,  SCCA2,  S100A8,  S100A9,  annexin  I,  and  annexin  II)  in  the 
iauamous  NHTBE  cells  was  further  confirmed  with  immunobiot  analysis.  Notably,  SCCA1  and 
3CCA2  were  verified  as  being  uniquely  expressed  in  squamous  metaplastic  NHTBE  cells  but  not  in 
normal  mucous  NHTBE  or  adenocarcinoma  cells.  Moreover,  SCCA1  and  SCCA2  expression 
’creased  in  in  vitro  lung  carcinogenesis  model  cell  lines  with  increasing  malignancy. 

a  summary  we  identified  proteins  that  are  uniquely  secreted  from  squamous  metaplastic  primary 
bronchia!  epithelial  cells  cultured  by  the  organotypic  air-liquid  interface  method.  These  ASF 
proteins  may  be  used  to  detect  abnormal  lesions  in  the  lung  without  collecting  invasive  biopsy 
■necimens.  A  manuscript  is  in  peer-review  in  Cancer  Research  (Koo  et  al.,  2006). 

Specific  Aim  2:  Identify  and  characterize  abnormal  proteins  secreted  by  lung  squamous  cell 
carcinomas 

;  his  mm  was  proposed  to  test  whether  the  pane!  of  proteins  identified  from  Specific  Atm  1  is 
^normally  overexpressed  in  only  premalignant  squamous  metaplasia  or  remains  overexpressed  in 

cancer  cells. 


Findings;  As  we  presented  in  the  2005  annual  report,  expression  of  SCCA1  and  2  was  progressively 
increased  in  transformed/tumorigenic  ceil  lines  and  only  detected  In  squamous  cell  carcinomas  but 
not  sn  adenocarcinomas  as  determined  in  resected  lung  tumor  specimens  (Koo  et  al,  2006). 

i-pea?ic  Aim  2  was  completed  and  part  of  the  data  was  published  in  the  manuscript  (Koo  et  al,  2006) 
ana  another  part  of  the  data  was  published  in  Mol  Genet  Genomics  (Koo  et  al  2005)  (See  ADDendix- 

Pubilcations). 


Specific  Aim  3.  Evaluate  the  efficacy  of  these  differently-secreted  proteins  to  serve  as  novel 
biomarkers  using  readiiy-accessibfe  clinical  specimens 

Findings:  \  o  evaluate  the  efficacy  of  the  putative  biomarkers  identified  in  Specific  Aims  1  and  2, 
ua<  ucuiarty  SCCA1 ,  SCCA2,  S100A8,  Annexin  I,  Annexin  H,  and  maspin  in  clinical  samples, 
imL  :Uhtot  analysis  was  performed  using  120  bronchial  washing  specimens  collected  through  the 
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"•  P01  clinical  trial  (PI:  Or.  Waun  Ki  Hong),  Clinical  characteristics  of  the  volunteers  are  described 
n  Table  1.  The  bronchial  washing  samples  were  centrifuged  at  500  x  g  for  5  min  at  4*0  to  pellet 
exfoliated  cells  and  cellular  debris.  The  supernatant  were  transferred  to  new  tubes  and  protein 
concentrations  were  determined  using  a  Bicinchoninrc  Acid  (BOA)  protein  assay  kit  (Pierce,  Rockford, 
Bronchial  washings  containing  total  50  pg  of  protein  were  transferred  onto  nitrocellulose 
nemorane  by  dot-blot  apparatus.  The  blotted  membrane  was  subjected  for  immune  detection  using 
specific  antibodies  against  proteins  listed  above. 


Tabid  1.  Clinical  Characteristics  of  the  Volunteers. 


Variables 

Number  of  patients  (%) 

iftedkmt  age  (range) 

54  years  (32-73) 

Smx 

Male 

60  (50%) 

Female 

60  (50%) 

Smoking  Status 

Current 

94 

Former 

26 

Pack -year  of  smoking 

Median  (range) 

Histology" 

41  years  {20-88) 

Normal 

4 

BCH/GBM* 

57 

Squamous  metapiasia(SQ) 

49 

Dysplasia 

7 

Previous  History  of  lung  Cancer 

3 

Median  index  of  SQ  metaplasia 

0%  (tnws.33%) 

*  Tiie  wots.!  Histologic  grade  of  eight  piece  of  biopsy. f  BCH/GBM;  Basal  cell  hyperptasia/Goblet 
tm&i  cell  metaplasia. 

To  determine  whether  any  of  the  markers  identified  through  previous  aims  can  be  used  for  detection 
o?  morphological  abnormalities  in  the  bronchial  mucosa,  we  compared  the  level  of  these  biomarkers’ 
expression  (as  determined  by  dot-blot  analysis)  with  histology  of  endobronchial  biopsy.  As  shown  in 
■  1 ,  Spearman's  analysis  showed  no  statistically  significant  correlation  between  expression  of 

•acn  marker  and  morphologic  abnormalities  as  represented  by  metaplasia  index  (Ml). 
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To  further  determine  whether  these  markers  are  associated  with  a  particular  type  of  abnormal 
isiomorphology  of  the  bronchial  mucosa,  we  compared  the  level  of  each  putative  biomarker  in  the 
bronchia!  lavage  with  5  groups  (t.  norma!,  2,  BCH/GBM,  3,  squamous  metaplasia,  4.  dysplasia,  5. 

■  oup  with  prior  history  of  lung  cancer)  categorized  by  the  risk  of  lung  cancer  development  on  the 
casis  of  endobronchial  biopsy  histology.  As  shown  in  Figure  2,  no  statistically  significant  differences  in 
me  expression  of  each  marker  were  found  among  5  groups.  However,  the  small  population  in  the 
roups  with  basal  mil  hyperplasia/goblet  ceil  metaplasia  or  with  squamous  metaplsia  showed  very 
!'>igh  levels  of  marker  expression  in  bronchial  lavage  specimen. 
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Figure  2-  Uvel  of  each 
putative  DicwnarKer  among 
5  groups  (1-  normal,  2, 
basal  cell 

hyperpiasia/goblet  cell 
metaplasia,  3.  squamous 
metaplasia,  4,  dysplasia, 
5,  prior  htstory  of  lung 
cancer),  in  box -and- 
wisker  plots,  box 
r epr escnts  the  median 
value  {white  band  in  the 
box)  with  interquartile 
range  (box)  and  the 
wisksrs  extend  to  the  5^' 
and  9£?h  percentiles. 

A:  SCGA1,  B;  SCCA2,  C: 
$l00A8t  D:  Ann&xin  I*  E: 
Annexin  it,  F:Maspin 


We  also  compared  differences  in  histology  or  each  biomarker  levels  of  bronchia!  lavage  specimen 
between  current  smoker  and  former  smoker.  Interestingly,  we  found  that  current  smoker  has  lower 
SCO  A  \P=  0,01 )  and  SCCA2  expression  (P=  0.005)  and  higher  frequency  of  basal  ceil  hyperplasia 
/x!h  gobiet  cel!  metaplasia  (P<  0.0001 )  (Fig.  3),  This  result  suggests  that  relative  proportion  of  SCCA1 
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.  :  a  SCCA2  protein  in  branchial  secretion  is  decreased  due  to  the  relative  increase  of  mucous  goblet 

cells  in  the  bronchial  trees. 


a 

X 

Figure  3.  Level  of  each  putative 

m  '■ 

l _ “ 

- 

biomarker  in  the  bronchial  secretion 

o  " 

m 
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|  Cr  WZA  vfFiv  J 

and-wisker  plots,  box  represents  the 

median  value  (white  band  in  the  box) 
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A:  SCCA1,  B:  SCCA2,  C:  S100A8,  D: 

Annexin  1.  E;  Annexin  II,  FrMaspin 

;  conclusion,  expression  levels  of  biomarkers.  SCCA1,  SCCA2,  Annexin  I,  Annexin  II,  S100A8,  and 
vlaspin  in  broncnial  Savage  are  not  directly  correlated  with  histological  appearance  of  bronchial 
muccsa  in  heavy  smokers,  indicating  there  is  much  discrepancy  between  morphological  changes  in 
the  bronchial  mucosa  and  secretory  protein  changes. 

Specific  Aim  4:  Establish  primary  bronchial  epithelial  cells  in  culture  and  evaluate  the 

expression  of  candidate  biomarkers  in  bronchial  epithelium  of  lung  cancer 

patients. 

•e  proposed  to  investigate  the  expression  and  regulation  of  the  biomarkers  in  bronchial  epithelial 
ells  n  cultures  and  to  address  whether  the  molecular  alterations  are  persistent  during  the 
development  and  differentiation  of  bronchial  epithelium  of  the  lung  cancer  patients.  The  source  for 
D:thei=al  cells  is  from  bronchial  biopsy  tissues  collected  from  100  newly  diagnosed,  and  previously 
treated  'Ung  cancer  patients  who  are  undergoing  surgery  at  M.  D.  Anderson  Cancer  Center  as 
described  in  Project  1  (PI;  Margaret  Spitz)  of  TARGET 

findings  We  have  obtained  64  surgically-removed  lung  tissues  from  64  different  patients.  Bronchial 
epithelial  cells  were  successfully  isolated  from  55  tissue  specimens  and  stored  in  liquid  nitrogen.  Nine 
A'iSfe.s  were  not  successful  to  isolate  epithelial  cells.  Six  cases  were  lost  due  to  contamination  and 
nree  cases  were  tost  due  to  incubator  problem.  The  cells  of  50  cases  were  distributed  to  Dr.  Spitz’s 
laboratory  for  their  proposed  studies  in  Project  1  of  TARGET. 

Vva  successfully  reconstructed  bronchial  epithelial  structure  using  primary  bronchial  epithelial  cells 
related  from  lung  cancer  patients  using  organotypic  air-liquid  interface  culture  method.  Typical 
histology  of  the  in  vivo  reconstructed  bronchial  epithelium  was  shown  in  Figure  4.  Histologic 
evaluation  of  17,  23,  and  29-days-oid  bronchial  epithelial  cell  cultures  showed  no  obvious  bias  in 
9r°wth.  histologic  abnormalities,  or  mucociliary  differentiation.  However,  a  tendency  of  loose  polarity 
of  the  cultures  was  observed  in  some  cases. 
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Histology  of  r*con*tnict*fJ  bronchial  epithet  urn 


Figure  4, 

Histomo  rpholog  y  of 


the  reconstructed 
bronchial  epithelium 
using  primary 
bronchial  epithelial 
cells  isolated  from 
surgically  resected 
lung  tissue 
specimens. 


o  determine  whether  bronchial  epithelial  cells  from  lung  cancer  patients  abnormally  express 
Diomarkers  identified  from  the  previous  aims,  we  compared  expression  levels  of  SCCA1,  SCCA2, 
annexin  I,  and  annexin  II  by  dot-blot  analysis  of  apical  secretions  collected  from  organotypic  cultures 
of  bronchial  epithelial  cells  from  6  different  lung  cancer  patients.  As  shown  in  Figure  5,  although  they 
generate  mucocilary  morphology,  certain  cultures  produced  high  levels  of  SCCA1  and  Annexin  2 
(case  #i  and  #4).  Interestingly,  these  two  cases  showed  very  high  percentage  of  3p22.1  deletion  in 
the  tumor  -cells  as  determined  by  FISH  analysis  (see  Figure  5  and  Table  2).  Moreover,  the  epithelial 
cells  secreted  higher  levels  of  SCCA1 ,  and  Annexin  2  showed  correspondingly  lower  DNA  repair 
capacity  than  the  cells  secret  lower  (or  undetectable)  levels  of  the  markers  (DNA  repair  assay  was 
performed  m  Project  1  or  TARGET-PI:  Dr.  Spitz).  This  result  suggests  that  concurrently 
overexpressed  SCCA1  and  Annexin  2  in  the  secretions  from  the  epithelial  cells  may  serve  as 
surrogate  markers  for  lower  DNA  repair  capacity  and  high  percentage  of  3p  loss  of  heterozygosity  in 
bronchial  epithelial  cells. 


Figure  5*  Dot-blot 
analysis  of  apical 
secretions  from 
organotypic 
cultures  of 
bronchial  epithelial 
ceils  from  lung 
cancer  patients. 
Top  panel  showed 
representative 
images  of  immune 
dot*bk)ts  and 
bottom  panel 
showed 
quantitation 
results.  The 
numbers  1-5 
represented  the 
patient  case 
numbers. 
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Table  2.  Correlation  of  the  expression  levels  of  SCCA1  and  Annexin  2  with  DNA 
repair  capacity  and  deletion  of  3p22. 1  In  tumor. 


SCCA1 
(0*0.  \ 

An*  2 

(O.DJ 

DNA 

ftapafr 

Capacity 

Centre! 

wtpmp" 

rm 

napWp* 

nm 

TIP  m 
0*1} 

HIP  i% 
Qsil 

TAi 

mooii 

i 

o*ai 

4*1 

3 

n 

3 

m 

& 

3 

t 

e> 

a  3&4 

23.0 

3 

$ 

i 

it 

$ 

T 

3 

0  *34 

nf* 

3 

g 

l 

Bis 

3 

4 

ij.fi  si 

0  <49 

A# 

3 

i 

0 

40 

7 

10 

5 

a 

1M 

f 

n 

4 

11 

ft/S 

niA 

Cmmt  ntpmp  e&Dsi* 

a/Sp-TTP  {%  Itotl} 

{% 

t%  G<jf| 


a*  Jettons  o?  3p22  1  fir&m  d&otfo!  wit  ft 

deletions  of  Spil.i  Jrom  broflqh  bro^ra  tumor  ski* 

dftlffiton*  ef  3p21.1  ft*?**  bfOftCh  &rii*h  rtonrtfcl  tido 

tieletjgns  of  3p£&1  town  toffw 

tiaiettarts  of  Sp£2,1  fram  n&mja?  Jong 

tf  actions  of  3.022.1  from  uror;ah«*  mijjldent  to  tumor 


*  Th*  sa-ms  ab&rftvfetiont  apply  to  tho  iOq  pt obe, 

'  ft/*:  dota  not  avalists 

*  Case?  numbers  match  with  cases  in  Fiaures  4  and 


Wether  these  primary  bronchial  epithelial  ceils  from  lung  cancer  patients  contain  any  molecular  or 
genetic  abnormalities  is  not  known.  In  collaboration  with  Dr.  Ruth  Katz.  FISH  analysis  of  deletion 
cates  of  3p22.il  region  was  performed  on  the  ceils  from  primary  tumor  and  adjacent  areas.  As  shown 
m-  Table  2,  case  1  and  4  showed  higher  frequency  of  loss  of  3p22.i  in  tumor  and  also  normal  side  of 
■he  lung,  consistent  with  the  findings  when  using  the  organotypic  cultured  cells.  Further  molecular, 
rsiiuiar,  and  genetic  characterization  of  these  primary  epithelial  cells  isolated  from  lung  cancer 
afients  may  facilitate  better  insight  into  lung  cancer  development. 

Key  Research  Accomplishments 

We  identified  23  unique  blomarkars  over-represented  in  the  secretions  from  metaplastic 
squamous  bronchial  epithelial  cells  using  comparative  2D- PAGE  analysis  of  the  apical  surface 
os  (ASP  i  obtained  from  squamous  metaplastic  and  normal  mucociliary  bronchial  epithelial  cells, 

*  We  found  that  expression  of  the  unique  proteins  SCCA1  and  SCCA2  was  progressively  increased 
■  transfo<  medrtumorigenic  cell  lines  and  only  detected  in  squamous  ceil  carcinoma  but  not  in 
adenocarcinoma  cells, 

<  We  found  that  expression  levels  of  SCCA1 ,  SCCA2,  Annexin  I,  Annexin  II.  S100A8,  and  Maspin  in 
bronchial  lavage  are  not  directly  correlated  with  histological  appearance  of  bronchial  mucosa  in 

heavy  smokers. 

*  We  identified  that  genes  in  the  WNT  pathway,  apoptosis,  and  cell  cycle  are  concurrently 
deregulated  n  non-small  cell  lung  cancer  cells  as  compared  to  organotypically  cultured  normal 

bronchial  epithelial  cells. 

*  VVe  successfully  generated  bronchial  epithelium  recapitulating  in  vivo  bronchial  epithelium  using 
primary  bronchial  epithelial  cells  isolated  from  surgically-resected  lung  tissue  specimens. 

*  Organotypic  culture  of  the  primary  epithelial  cells  Isolated  from  patients  with  lung  cancer  showed 
no  obvious  bias  in  growth,  histologic  abnormalities,  or  mucociliary  differentiation. 

vv.-:  demonstrated  that  primary  bronchial  epithelial  ceils  Isolated  from  surgically  resected  lung 
isssue  specimens  can  be  used  for  determination  of  the  genetic  susceptibility  in  lung  target  tissues 
assayed  in  DNA  repair  capacity  and  mutagen  sensitivity. 

*  Concurrently  overexpressed  SCCA1  and  Annexin  2  in  the  secretions  from  the  bronchial  epithelial 
cells  may  serve  as  surrogate  markers  for  lower  DNA  repair  capacity  and  high  percentage  of  3p 
loss  of  heterozygosity  in  corresponding  tumors. 
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Reportable  Outcomes 
Articles  published  or  in  progress: 

1  Ju  Z,  Kapoor  M,  Newton  K,  Cheon  K,  Ramaswamy  A,  Lotan  R,  Strong  LG,  Koo  JS.  Global 
detection  of  molecular  changes  reveals  concurrent  alteration  of  several  biological  pathways  in 
non-small  cell  lung  cancer  cells.  Mol  Genet  Genom  274:141-54,  2005. 

2.  Kim  SW,  Cheon  K,  Kim  CH,  Yoon  JH.  Hawke  D,  Kobayashi  R,  Lotan  R,  Hong  WK,  and  Koo  JS. 
Proteomics-Based  Identification  of  Proteins  Secreted  in  Apical  Surface  Fluid  of  Squamous 
Metaplastic  Human  Tracheobronchial  Epithelial  Cells  Cultured  by  Three-Dimensional  Organotypic 
Air-Liquid  Interface  Method.  Cancer  Res  (in  review),  2008. 

3  lee  WS,  Jimenez  CA,  Cheon  K,  Ryu  SH,  Wistuba  II,  Liu  0,  Lee  JJ,  Lotan  R,  Hong  WK,  Morice  R, 
and  Koo  JS.  Evaluation  of  Secretory  Proteins  as  Surrogate  Markers  of  Metaplasia/Dysplasia  of 
Lung  Mucosa.  (In  preparation) 

Abstracts; 

Kim  SW,  Kim  CH,  Cheon  K,  Newton  K,  Hawke  D,  Kobayashi  R,  Koo  JS.  Identification  of  markers 
For  squamous  metaplasia  of  bronchia!  epithelial  cells.  Proc  AACR  46,  2005. 

Conclusion 

: .  e  conclude  that  1)  Secreted  proteins  (secretome)  from  premalignant  or  malignant  lung  cells  hold 
:  . :  e  as  potential  biomarkers  to  detect  early  lung  cancer;  2)  Expression  levels  of  individual 
biomarkers  identified  in  secretions  from  metaplastic  squamous  cells  in  bronchial  lavage  are  not 
iirectiy  correlated  with  histological  appearance  of  bronchial  mucosa;  3)  Primary  bronchial  epithelial 
isolated  from  bronchial  mucosa  of  patients  (84  cases)  with  lung  cancer  will  be  useful  resources 
to  understand  the  mechanisms  of  lung  carcinogenesis,  particularly  molecular  abnormalities  in 
epithelial  cells  adjacent  to  tumor.  In  addition,  they  may  have  potential  value  to  determine  sensitivity  or 
resistance  to  therapy  by  performing  treatment  simulation  in  vitro. 


Project  4:  Prognostic  Role  of  Promoter  Hypermethylation  of  Death-Associated  Protein  (DAP) 
Kinase  and  pi  6  Genes  in  Early-Stage  Non-Small  Cell  Lung  Cancer 

(Project  Leader  Charles  Lu,  M.D.,  Co-Leader:  Li  Mao,  M.D.) 

Specific  Aim  1:  To  examine  the  relationship  between  hypermethylation  of  the  death-associated 
□retain  (DAP)  kinase  gene  promoter  and  disease-free,  disease-specific,  and  overall  survival  in 

;ompleteiy  resected,  eariy-stage  NSCLC. 

Specific  Aim  2:  To  examine  the  relationship  between  hypermethylation  of  the  p16  gene  promoter 
:  no  disease-free,  disease-specific,  and  overall  survival  in  completely  resected,  eariy-stage  NSCLC. 

Specific  Aim  3:  To  examine  the  relationship  between  hypermethylation  of  the  p16  gene  promoter  and 
nistory  of  tobacco  smoke  exposure  in  eariy-stage  NSCLC. 

Specific  Aim  4:  I  o  determine  the  independent  prognostic  significance  of  these  two  molecular 
iomarkers  after  adjusting  for  relevant  clinicopathologic  variables  (T-stage.  N-stage,  age,  gender, 
ASioiogy,  type  of  surgery,  performance  status,  weight  loss,  smoking  status). 

■  he  goal  of  this  research  proposal  is  to  determine  the  prognostic  importance  of  promoter 
hypermethylation  of  selected  candidate  genes  in  patients  with  eariy-stage,  resected  NSCLC  who  have 
reen  followed  as  part  of  a  clinical  research  database.  This  study  will  create  a  high-quality  database 
Tias  includes  clinical  information  in  addition  to  surgical  pathology  specimens. 
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Summary  of  Research  Findings  for  Specific  Aims  1-4: 

Subjects  tn  this  study  are  identified  from  a  clinical  research  database  of  patients  who  have  undergone 
urgica!  resection  in  the  Department  of  Thoracic  and  Cardiovascular  Surgery  (DTCS),  The  University 
t  Texas  M.  D.  Anderson  Cancer  Center  (UTMDACC).  This  database  was  established  in  1997,  and 
: eludes  all  patients  who  undergo  thoracic  surgical  resection  at  UTMDACC.  Detailed  demographic, 
clinical,  and  pathologic  data  are  recorded  using  standardized  data  collection  forms.  Follow-up  clinical 
'•■formation  is  also  collected  at  each  clinic  visit.  Patients  with  completely  resected  stages  I  or  II 
NSCLC  and  not  receiving  post-operative  adjuvant  therapy  (either  chemotherapy  or  chest 
-.therapy)  are  eligible  for  this  study.  The  proposed  sample  siste  was  300  subjects. 

-  query  of  the  DTCS  clinical  research  database  yielded  an  initial  list  of  559  patients  who  underwent 
surgery  between  January  1, 1997  and  December  31, 2001 .  To  date,  the  medical  records  of  these  559 
patients  have  been  screened,  and  362  (64,7%)  eligible  subjects  have  been  identified.  Our  collaborator 
•  the  Department  of  Pathology  {Dr.  Ignacio  Wistuba)  has  reviewed  these  screened  patients  to  confirm 
humor  histology  and  to  determine  if  sufficient  surgical  tissue  samples  (paraffin  blocks)  exist  to  perform 
me  required  hypermethylation  assays.  282  paraffin  blocks  have  been  retrieved.  267  and  261  subjects 
ave  had  DAP  kinase  and  p16  promoter  hypermethylation  assays  performed  on  their  tumor 
specimens  in  the  laboratory  of  Dr.  Li  Mao. 

Subjects  with  available  tumor  tissue  have  been  entered  into  the  study  database.  We  have  conducted  a 
thorough  review  of  the  clinical  data  for  these  subjects  (gender,  age,  tumor  histology,  preoperative 
.■ 'uca'  variables  -  performance  status,  weight  loss,  smoking  status),  and  have  obtained  updated 
follow-up  information  (date  of  disease  recurrence,  date  of  death/last  follow-up,  development  of  second 
primary  tumors)  from  our  institution’s  medical  informatics  department,  the  Social  Security  Death  Index, 
and  direct  telephone  inquiries.  Patient  characteristics  are  listed  in  Table  1. 
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Descriptive  statistics  of  paiients'  chsracterisUcs^ 


Characteristics 

Frequency 

Characteristics 

Frequency 

Sex 

Race 

male 

154(54.6%) 

white 

255(90.4%) 

female 

128(45.4%) 

black 

13(4.6%) 

Nspanic 

7(2.5%) 

others 

7(2.5%) 

Smoking  status 

never 

66(23.4%) 

former 

113(40.1%) 

current 

103(36.5%) 

T  stage 

N  stage 

1 

148(51.8%) 

0 

234(63.0%) 

2 

129(45.7%) 

1 

48(17.0%) 

3 

7(2.5%) 

Pathological 

stage 

Histology 

JA 

135(47.9%) 

Adenocarcinoma 

171(60.6%) 

m 

93(33.0%) 

see 

82(29.1%) 

ha 

1 1(3.9%) 

Large  ceii  carcinoma 

10(3.6%) 

UB 

43(15,3%) 

Adenosquamous 

6(2.1%) 

BAC 

8(2.8%) 

Sarcomatoid 

3(1.1%) 

LCNEC 

2(0.7%) 

Grade 

Weight  loss  £5% 

1 

43(15.6%) 

no 

282(92.9%) 

2 

120(43.6%) 

yes 

20(7.1%) 

3 

112(40.7%) 

PS 

0 

178(63.1%) 

1 

103(36.5%) 

2 

1(0.4%) 

Findings:  We  found  that  the  recurrence  rate  of  these  patients  with  early  stage  NSCLC  was  21  3% 
and  the  death  rate  was  38%  (Table  2), 
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T  able  2:  OescnpUye  statistics  of  patients'  recurrent  and  survival  status 


Characteristics 

Frequency 

Characteristics 

Frequency 

Recurrent  NSCLC 

Survival  Status 

no 

222(78,7%} 

Alive 

175(62,0%) 

yes 

60(21  *3%) 

Death 

107(38,0%) 

local 

26 

Died  of  disease 

46 

distant 

54 

die  of  non-NSCLC  (excluding  SPY) 

31 

limr 

6 

dieofSPT 

9 

ho  n® 

9 

unknown 

21 

brain 

13 

adrenal 

3 

other 

1 

">ie  promoter  methylation  status  of  DAP  kinase  and  pi 6  was  observed  in  36.3%  (97  of  267  cases) 
and  364%  (95  of  261  cases)  respectively.  No  significant  statistical  correlations  were  observed 
:>a tween  DAP  kinase  methylation  status  and  subject  characteristics  (Table  3).  No  significant  statistical 
correlations  were  observed  between  pi 6  methylation  status  and  subject  characteristics  (Table  4),  but 
a  positive  trend  for  increased  pi 6  methylation  and  grade  (p=0.084)  was  observed.  A  higher  frequency 
of  p:1§  methylation  was  observed  in  ever  vs  never  smokers  (39%  vs  28%,  p=0,1 7). 
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DAPK  methylation 

No  methylation  metrication 

p-value 

Age 

Mean  ±  sid 

Median  (mm,  max) 

66.0±10.7 

67(33,  90} 

67.7±9.8 

68(43.  90) 

0.33 

Race 

non -white 

white 

18(89,2%) 

152(63,1%) 

8(30.8%) 

89(36.9%) 

0.67 

Sex 

female 

male 

93(64.1%) 

77(63.1%) 

52(35.9%) 

45(38.9%) 

0.90 

Smoking  status 

never 

former 

current 

38(63.3%) 

69(62.7%) 

63(65%) 

22(36.7%) 

41(37.3%) 

34(35.1%) 

0.95 

Histology 

adenocarcinoma 

squamous 

107(65,6%) 

48(60%) 

56(34.4%) 

32(40%) 

0.67 

others 

6(86.7%) 

3(33.3%) 

Grade 

well 

moderate 

poor 

29(74.4%) 

69(59,5%) 

67(63.8%) 

10(25.6%) 

47(40.5%) 

38(36.2%) 

0,27 

I  siage 

T1 

T2*T3 

84(60.9%) 

86(66.7%) 

54(39.1%) 

43(33.3%) 

0.37 

H  stage 

NO 

143(64.7%) 

78(35.3%) 

0.50 

N1 

27(58.7%) 

19(41.3%) 

Pathological  stage 

0.87 

mm 

iia+iis 

137(64%) 

33(62.3%) 

77(38%) 

20(37.7%) 

PS 

0 

1+2 

113(67.3%) 

57(57.8%) 

55(32.7%) 

42(42.4%) 

0.12 

Weight  loss  25% 

no 

158(64%) 

12(80%) 

89(36%) 

8(40%) 

0.81 
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Table  4:  Correlations  between  pi  6  metnyiation  and  patients'  characteristics 

pf6  methyfation 

No  methyiataon 

methylation 

p+vaiue 

Age 

0.30 

Mean  ±  std 

66.1  ±10.2 

67.1*10.6 

Median  (mm,  max} 

67(40,  90} 

68(33, 87} 

Race 

0,27 

non-white 

13(52%) 

12(48%) 

white 

153(64.8%) 

83(35.2%) 

Sex 

0.99 

female 

91(63.6%) 

52(36.4%) 

male 

75(63.6%) 

43(36.4%) 

Smoking  status 

0.32 

n-evar 

43(71.7%) 

17(28.3%) 

former 

63(60%) 

42(40%) 

current 

60(625%) 

36(37.5%) 

Histology 

0.35 

adenocarcinoma 

108(67.5%) 

52(32.5%) 

squamous 

45(58.4%) 

32(41,6%) 

others 

5(66,6%) 

4(44.4%) 

Grade 

0.084 

well 

31(79.5%) 

8(20.5%) 

moderate 

68(60.7%) 

44(39.3%) 

poor 

63(61.2%) 

40(38.8%) 

T  stage 

0.80 

11 

87(64.4%) 

48(35.6%) 

T2*T3 

79(62.7%) 

47(37.3%) 

N  stage 

0.40 

HO 

140(64.8%) 

76(35.2%) 

HI 

26(57.8%) 

19(42.2%) 

Pathological  stage 

0.33 

IA+IB 

137(65.2%) 

73(34.8%) 

ItA+IIB 

29(58.9%i 

22(43.1%) 

PS 

0.29 

0 

109(66.1%) 

56(33.9%) 

1+2 

57(59.4%) 

39(40.6%) 

Weight  loss  £5% 

0.64 

no 

152(63.1%) 

89(36.9%) 

yes 

14(70%) 

6(30%) 
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•  7:  nary  analyses  did  not  show  significant  statistical  correlations  between  methylation  status  and 
overall  survival  (pTS  p»0.13:  DAP  kinase  p=0,56)  (Figure  1)  or  disease-free  survival  (pi  6  p=0.36; 

DAP  kinase  p=0.71)  (Figure  2). 


Univariate  Cox  regression  analyses  were  performed  to  assess  the  relationship  between  patient 
characteristics  and  overall  survival  and  disease-free  survival  (Tables  5  and  6).  in  muitivariate 
analyses,  only  age  and  grade  were  significant  predictors  of  overall  survival  (Table  7)  and  disease-free 

survival  (Table  8). 
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Table  is;  univariate  Cox  proportional  hazards  regression  models  in 

estimating 

overall  survival 

Characteristics 

Parameter 

StdL  error 

p-value 

Hazard 

estimate 

ratio 

Age 

0,06 

0.01 

<0.0001 

1.06 

Race  (white  vs  ncm.vhite) 

0.18 

0.37 

0.63 

1,19 

Gender  (female  m  male) 

0.24 

0.19 

0.22 

1.27 

Smoke  status 

Former  vs.  never 

-0,07 

025 

0,79 

0,94 

Current  vs,  never 

G„0S 

0.25 

0.76 

1.08 

Histology 

Adenocarcinoma  vs.  others 

-0.35 

0,62 

0.50 

0.74 

SCC  vs.  others 

0.08 

0.53 

0,91 

1.06 

Grad® 

Moderate  vs.  well 

0.64 

0.35 

0.065 

1.91 

Poor  vs.  well 

0.S2 

0.35 

0.019 

2,27 

T  stage  (T2+T3  vs.  Ti) 

0,32 

0.19 

0,10 

1.38 

N  stage  (N1+N2  vs,  NO) 

0,37 

0.25 

0.14 

145 

Pathological  stage  (IIA+tlB  vs.  IA+IB) 

0,39 

0,24 

0.10 

1,47 

PS  (2+1  vs,  0) 

0,34 

0.20 

0.081 

1.41 

Weight  loss  25%  (yes  vs,  no) 

0,67 

0.33 

0.087 

177 

DAP  kinase  methyietion 

-0.12 

0,21 

0.56 

0,89 

p16  methylation 

0,31 

0,20 

0.13 

1.36 

Table  6;  univariate:  Cox  proportional  hazards  regression  models  in 

estimating  disease-free  survival 

Characteristics 

Parameter 

Std,  error 

p-vafue 

Hazard 

estimate 

ratio 

Ai®  . 

0,05 

0.01 

<6.0001 

1.05 

Raoe  (white  vs.,  nan-whits) 

0,21 

0,35 

0,55 

1.23 

Gmtlm  (female  vs,  mala) 

0.13 

0.18 

0,33 

119 

Smoke  status 

Former  vs,  never 

-0,03 

0.24 

0,91 

0.97 

Current  vs.  never 

0.09 

0,24 

0.69 

1.10 

Histology 

Adenocarcinoma  vs,  others 

-0.15 

0.51 

0.78 

0.86 

SCC  vs,  others 

0.15 

0,52 

0.77 

1.17 

Grade 

Moderate  vs.  well 

0.71 

0.33 

0,034 

2,02 

Poor  vs,  well 

0,84 

0,33 

0.011 

2.32 

T  stage  (T2+T3  v»,  fl) 

0.48 

6,18 

0.013 

158 

N  stage  (Nl*N2  vs,  NO) 

0.49 

6,23 

0.029 

1.63 

Pathological  stage  {IIMlifi  vs.  IA+IB) 

6,42 

0,22 

0.053 

1.53 

PS  (2+1  m.  0) 

0,39 

0,18 

0.035 

148 

Weight  loss  &S%  (yes  vs.  no) 

0  49 

0,32 

0.13 

1.63 

dAPjme^ytatiQn 

-0.07 

0,19 

0.71 

0.93 

P16  methyiaSon 

0.18 

0.19 

0.36 

197 
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able  7  ?  ••  itiva  •  a  e  Cox  proportional  hazards  regression  models  in 

estimating  overall  survival 

— 

j  Characteristics 

Parameter 

estimate 

8  Id.  error 

p-vaiue 

Hazard 

ratio 

Age 

Grade 

0,0? 

0.01 

<0.0001 

1,07 

Moderate  vs,  poor 
Well  vs.  poor 

-0.40 

-0.81 

0.22 

0.38 

0.069 

0.031 

0.67 

0.44 

Table  0:  Multivariate  Cox  proportional  hazards  regression  models  in  estimating  disease-free 

survival 

i  Characteristics 

Parameter 

Std.  error 

p-value 

Hazard 

ratio 

estimate 

;  %e 

Grade 

0.08 

0.01 

<0.0001 

IDS 

Moderate  vs.  poor 

-0*34 

0.20 

0.0S3 

0.71 

Weil  vs.  poor 

-0.80 

0.35 

0.024 

0.45 

Key  Research  Accomplishments 

*  We  did  not  observe  significantly  statistical  correlations  between  DAP  kinase  methylation  status 

and  subject  characteristics, 

*  We  did  not  observe  significantly  statistical  correlations  between  pi 6  methylation  status  and 
subject  characteristics,  but  a  positive  trend  for  increased  pi 6  methylation  and  grade  (p=0.084) 

was  observed. 

*  We  observe  a  higher  frequency  of  pi 6  methylation  in  ever  vs  never  smokers  (39%  vs  28% 
p=0,17). 

-  We  did  not  detect  significantly  statistical  correlations  between  methylation  status  and  overall 
i'jfvivai  ;/r?op=Q.13;  DAP  kinase  p=0.56)  or  disease-free  survival  (pi 6  p=0.36;  DAP  kinase 

p=0  71). 

*  in  multivariate  analyses  only  age  and  grade  were  significant  predictors  of  overall  survival  and 

disease-free  survival 

Reportable  Outcomes 
Articles  published  or  in  progress: 

■  Lu  C,  Soria  JC.  Tang  X,  Xu  XC,  Wang  L.  Mao  L,  Lotan  R,  Kemp  B.  Bekeie  BN.  Feng  L,  Hong  WK, 
Khun  FR  Prognostic  Factors  in  Resected  Stage  I  Non-Small  Cell  Lung  Cancer  (NSCLC):  A 
Multivariate  Analysis  of  Six  Molecular  Markers.  J  Clin  Oncol  22: 4575-83.  2004. 

Wei  QY,  Wang  LE,  Sturgis  EM,  Mao  L.  Expression  of  Nucleotide  Excision  Repair  Proteins  in 
Lymphocytes  as  a  Marker  of  Susceptibility  to  Squamous  Ceil  Carcinomas  of  the  Head  and  Neck. 
Cancer  Epidem  Biomarkers  and  Prev  14:1961-6,  2005. 

Wistuba  !.  Zhou  X.  Bekeie  BN,  Putnam  JB,  Jr,,  Correa  A,  Mao  L.  Prognostic  role  of 
promoter  hypermethyiation  of  death-associated  protein  (DAP)  kinase  and  p  16  genes  in  early- 
stage  non-small  cell  lung  cancer,  (in  preparation) 

Abstracts: 

L.u  c,  Wistuba  I,  Zhou  X,  Bekeie  BN,  Putnam  JB,  Jr,  Correa  A,  Mao  L.  Prognostic  role  of  promoter 

*  * y uermethytafion  of  death-associated  protein  (DAP)  kinase  and  p  16  genes  in  earfy-stage  non¬ 
small  cell  lung  cancer.  Proc  ASCO  24:7216,  2006, 


Page  34 


Army  Award  DAMD1 7-02- 1-0706;  Principal  Investigator;  Waun  Ki  Hong,  M.D. 
r  a^  Report.  Reporting  Period  01  September  2002  -  30  August  2006 


30  September  2006 


Conclusion 

•t  this  relatively  large  cohort  of  eariy-stage  NSCLC  patients,  we  did  not  detect  significantly  statistical 
correlations  between  pi 6  and  DAP  kinase  promoter  methylation  and  clinical  outcomes.  Further  subset 
.  saiyses  stratified  by  gender  and  histology  will  be  performed.  The  prognostic  role  of  these  biomarkers  in 

NSCLC  remains  unclear, 

rhis  project  has  produced  a  valuable  clinical-pathological  database.  We  have  already  begun  a  second  study 
onaiyzsng  the  prognostic  role  of  the  forkhead  transcription  factor  FOXOSa  in  this  patient  population. 


’reject  5:  An  Epigenetic  Approach  to  Lung  Cancer  Therapy 

(Project  Leader:  Reuben  Lotan,  Ph.D.) 

.  oss  oi  expression  of  tumor  suppressor  genes  is  one  of  the  hallmarks  of  cancer  development  It 
occurs  after  loss  of  heterozygosity  and  mutations  In  tumor  suppressor  genes.  In  addition,  epigenetic 
?  lending  of  several  tumor  suppressor  genes  can  occur  by  aberrant  methylation  of  CpG  islands  in 
gene  promoter  regions  (Baylin  et  al,  2006}  and  by  changes  In  chromatin  structure  resulting  from 
alterations  in  histone  acetylation  state  {Kelly  etal,  2005).  Nudeosomes  containing  unacetylated 
positively  charged  histones  bind  tightly  to  DNA  producing  a  compact  configuration,  which  inhibits 
transcription .  a  targeted  approach  to  reverse  the  silencing  of  genes  has  been  the  use  of  the  DNA 
methylation  innibitor,  5-aza-2'~deoxycytidine  (5-AZA-CdR),  and  the  histone  deacetylase  inhibitor 
suberoylaniiide  hydroxamic  acid  (SAHA).  Each  of  these  agents  alone  can  reactivate  the  expression  of 
certain  silenced  genes  and  their  combination  can  reactivate  a  greater  range  of  genes.  Combination  of 
the  two  epigenetic  modulators  has  shown  efficacy  in  the  treatment  of  myeloid  neoplasms  (Gore  et  al, 
2006). 

rbe  objective  of  this  study  was  to  assess  the  potential  of  epigenetic  therapy  against  lung  cancer.  We 
hypothesized  that  combinations  of  the  histone  deacetylase  inhibitor  SAHA  and  the  demethylating 
agent  5-aza-CdR  have  potential  to  act  additive ly  or  synergistically  to  enhance  cell  death  in  vitro  and  in 
vivo  and  can  be  effective  in  the  therapy  of  non-smat!  cel!  lung  cancers  (NSCLC).  To  test  this 
hypothesis,  we  pursued  the  following  specific  aims,  and  under  each  aim,  we  then  summarized  research 
achievements  in  the  final  report. 

Specific  Aim  1 :  To  determine  the  ability  of  SAHA  and  5-aza-CdR  used  as  single  agents  and  in 
combination  to  inhibit  the  growth  and  induce  apoptosis  in  normal  bronchial  and  small  airway  epithelial 
cells  immortalized,  premalignant,  transformed  and  tumorigenic  lung  cells  and  several  established 

non-small  ceil  lung  cancer  (NSCLC)  cell  Sines  in  vitro. 

Specific  Aim  2:  To  explore  the  mechanisms  underpinning  possible  interactions  between  SAHA  and 
;  azs-CdR,  including  analysis  of  differential  gene  expression  between  untreated  cells  and  cells 
seated  with  SAHA  alone,  5-aza-CdR  alone,  and  the  combination  of  the  two  agents  using  Affymetrix 

•ligonucieotide  microarrays. 

Specific  Aim  3:  To  determine  the  ability  of  SAHA,  5-aza-CdR,  and  their  combinations  to  inhibit  the 
growth  oi  human  NSCLC  cells  implanted  subcutaneously  in  athymic  nude  mice. 

Specific  Aim  4:  To  investigate  the  mechanisms  of  the  in  vivo  activity,  especially  those  related  to 
inhibition  of  cell  growth  and  induction  of  apoptosis. 

Summary  of  Research  Findings: 

Specific  Aim  1:  To  determine  the  ability  of  SAHA  and  5-aza-CdR  used  as  single  agents  and  in 
combination  to  inhibit  the  growth  and  induce  apoptosis  in  normal  bronchial 
and  small  airway  epithelial  cells,  immortalized,  premalignant,  transformed 
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and  tumorigertic  lung  cells  and  several  established  non-small  cell  lung  cancer 

(NSCLC)  cell  lines  in  vitro. 

ve  investigated  the  effects  of  5-AZA-CdR  and  SAHA  (see  structures  in  Figurel )  and  their 
•  combination*  on  the  in  vitro  growth  of  human  NSCLC  cal!  lines  listed  in  Table  1 . 


’ 3b)*-  5  Cells  used  in  this  study  and  their  sensitivity  to  5-AZA-CdR  and  SAHA 


j  C$H  line 

description 

ICS0  fcM)* 

5-AZA-CdR  SAHA 

NG-H460 

Large  cell  carcinoma,  pleural  fluid  3.2 

o.e 

NCI-H157 

Squamous  cel!  carcinoma,  pleural  effusion 

0,42 

1-0 

NO-H17S2 

Adenocarcinoma,  pleural  effusion  1.7 

2,0 

$K-KES*1 

Squamous  call  carcinoma,  pieural  effusion 

o.e 

1.5 

11701 

Tumorigenic  derived  from  immortalized  human 
bronchial  epithelial  cells  after  exposure  to  cigarette 
smoke  condensate  In  vivo  O.S 

0,8 

lies 

Transformed  human  bmnchial  epithelial  cells 

0.5 

t.o 

1799 

immortalized  human  bronchial  epithelial  cells 

1.0 

0.5 

BEAS-28 

Human  bronchial  epithelial  calls  immortalized  with 
adenovirus  12“SV40  large  T  antigen 

175 

1.0 

NHBE 

Normal  human  bronchial  epithelial  cells 

0,8 

0.6 

SAEC 

Small  airway  epithelial  cells 

8.0 

>6.0 

•*\4A-CdR  amo  SAHA  were  added  to  cell  culture  medium  at  the  doses  between  0.1  and  6,0  The  suifortiodamine  B  assay  was  used  to 

etecl  •  : |,C)ito  growth.  Concentrations  required  tor  50%  growth  inhibition  (ICw)  of  each  agent  atone  were  determined  from  dose- 

response  curves 

'  ndlngs;  We  found  that  the  two  agents  inhibited  the  growth  of  all  cell  lines  albeit  with  differential 
potencies.  The  IC50  for  5-AZA-CdR  ranged  from  0.42  to  8^/M  whereas  that  of  SAHA  ranged  from  0.5 
■i  >6//M.  The  normal  SAEC  cells  were  the  least  sensitive  (Table  1), 

or  combination  studies,  we  pre- treated  the  cells  with  low  concentrations  of  5-AZA-CdR  (between 
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•  :  i  ;iM)  depending  on  the  sensitivity  of  individual  ceil  lines  and  then  treated  with  AZA  alone 

u  u  0.5,  1  and  2  //M)  or  combined  with  SAHA  (0.1.  0.5. 1  and  2  j/M)  (Figures  2-4).  5-AZA-CdR  and 
SAHA  in  combination  produced  a  greater  inhibition  of  cell  growth  than  either  agent  alone  (Figure  2). 


Pre-treat  A2A  (),01juM  Pre-treat  AZA  0.2pM 


Pre-treat  AZA  0.&M 


figure  2.  Effects  of  combinations  of  agents  on  the  growth  of  NSCLC  cells.  Cells  were  seeded  at 
a  density  of  3000  ceils  per  well  in  98-well  tissue  culture  plates.  After  24  hr,  cells  were  pre-treated  for  4 
days  with  different  concentrations  of  AZA  followed  by  2  days  of  AZA  plus  SAHA.  Cell  numbers  were 
estimated  by  using  the  SRB  assay.  Each  assay  was  performed  in  triplicate. 


The  malignant  HI 792  celts  showed  marked  effects  of  the  combination  of  agents  whereas  the  other 
cell  lines  were  not  more  sensitive  to  the  combination  than  to  each  agent  alone.  It  is  noteworthy  that 
the  ceils  were  sensitive  to  5-AZA-CdR  alone  and  that  the  experimental  design  required  that  the  ceils 
oe  preireated  with  5-AZA-CdR  for  4  days  because  this  agent  needs  to  be  incorporated  into  DNA  to  be 
able  to  inhibit  the  enzyme  DNA  methyitransferase. 


Vc  men  analyzed  the  effects  of  AZA  and  SAHA  on  premalignant  lung  cells  that  were  represented  by 
mmoriatized  cells  (BEAS-2B  and  1 799,  the  transformed  cells  (1 1 98)  and  their  tumorigenic  derivative 
1 70-1  (Table  i ).  These  cells  have  an  inactivated  p53  signaling  as  the  large  T  antigen  of  SV40  vims 
used  for  immortalization  binds  to  p53  and  inactivates  it  Although  NSCLC  is  not  caused  by  viral 
Transformation,  many  NSCLCs  have  aberrant  p53  signaling  due  to  p53  mutations  or  inactivation. 
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As  shown  m  Figure  3,  among  the  human  bronchial  epithelial  cell-derived  premalignant  cells  and  their 
umongenic  derivative,  both  the  transformed  1198  and  the  malignant  1170-1  showed  the  greatest 
iensibvitv  to  the  combination  of  A2A  and  SAHA  compared  to  each  of  the  agents  alone.  The 
•mmortaiized  cells  showed  almost  no  enhancement  of  response  by  the  combination. 


Specific  Aim  2:  To  explore  the  mechanisms  underpinning  possible  interactions  between  SAHA 
and  5«aza*CdR  including  analysis  of  differential  gene  expression  between 
untreated  cells  and  cells  treated  with  SAHA  alone,  5-aza-CdR  alone  and  their 
combination  using  Affymetrix  oligonucleotide  microarrays. 


O.yM  Pre-treat  AZA  0.5//M 

Figure  3,  Effects  of  combinations  of  agents  on  the  growth  of  premalignant  cells.  The  experiments 

were  conducted  as  in  Figure  2  above  but  with  premalignant  ceils  rather  than  NSCLC  cells. 
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c  e  cplore  the  mechanisms  by  which  SAHA  exerts  its  growth  inhibitory  effects,  we  analyzed  changes 
-■  ceii  growth  and  apoptosis  and  the  level  of  different  proteins  implicated  in  cell  death.  We  determined 
effects  of  SAHA  on  ceil  growth  and  apoptosis  in  10  cancer  cell  lines  compared  to  premalignant 
'  and  normal  oral  (NOK)  cells.  Apoptosis  induction  was  assessed  using  DNA  fragmentation, 
UNEl,  and  ELISA.  Mechanisms  of  apoptosis  were  analyzed  after  coincubation  with  pan-caspase 
and  specific  caspase  and  Fas  inhibitors  and  after  small  interfering  RNA  (siRNA)  transfection. 

Findings:  Results  have  been  summarized  in  a  manuscript  (Gillenwater  et  al,  2006}  that  we  intend  to 
submit  for  publication.  The  manuscript  and  related  figures  are  attached  in  Appendices  III  and  ii 
•espectively  Here  we  only  summarize  the  findings  and  refer  to  figures  and  tables  in  the  manuscript 

S  AH  A  nhibits  the  growth  of  human  HNSCC  cells  while  sparing  premalignant  and  normal  oral 

cells.  As  shown  in  Figure  1,  SAHA  inhibited  growth  of  all  10  cancer  cell  lines  in  a  concentration- 
•  -pendent  manner,  with  an  estimated  IC5&  ranging  from  1.35  to  7.7  pM  after  a  3-day  treatment.  In 
comparison,  SAHA  had  a  more  limited  effect  on  the  growth  of  an  immortalized  leukoplakia  cell  line 
Leukl)  ana  normal  human  oral  gingival  keratlnocyte  (NOK)  cells.  The  inhibition  of  growth  of  HNSCC 
cell  lines  17B  and  22B  was  both  dose-  and  time-dependent  between  1  and  4  days  (Fig.  ID  and  IE). 

:5AHa  selectively  induces  cell-cycle  arrest  and  apoptosis  in  HNSCC  cells.  We  next  examined  the 
ffects  of  SAHA  on  two  sensitive  HNSCC  cell  lines,  17B  and  22B.  We  detected  an  increase  in  the 
roportion  of  HNSCC  cells  in  the  G2  cell  cycle  phase  after  treatment  with  4  pM  SAHA  for  24  hours, 

-  jggesfing  that  cell  cycle  inhibition  may  contribute  to  the  overall  decrease  in  cell  numbers  after 
exposure  to  SAHA.  In  comparison,  very  little,  if  any,  cell  cycle  arrest  was  detected  in  leukl  and  NOK 
cells  (Fig.  2A).  Because  several  HDAC  inhibitors  induce  apoptosis  in  vitro  in  various  cancer  cell  lines, 
ve  next  examined  whether  SAHA  induced  apoptosis  in  HNSCC  cell  lines  17B  and  22B,  and  Leukl 
rid  NOK  ceils.  Using  a  TUNEl-flow  cytometry  analysis,  we  detected  an  increase  in  apoptotic  cell 
population  In  17B  and  22B  cell  lines  from  less  than  2%  in  untreated  cells  to  about  60%  in  cells  treated 
tor  2A  hr  with  4  pM  SAHA.  In  contrast,  only  minor  increase  in  apoptosis  was  observed  in  the  Leukl  or 
NOK  ceils  treated  under  the  same  conditions  (Figure  2B).  SAHA  also  induced  DNA  fragmentation,  a 
naiimark  of  apoptosis,  in  both  HNSCC  cancer  lines  (Fig.  2C). 

SAHA  increases  acetylation  of  histones  H3  and  H4  in  HNSCC  celts,  Leukl  and  NOK  cells.  To 

.teterr  line  whether  SAHA  induced  accumulation  of  acetyiated  histones  in  HNSCC  ceils  at 
meet  stations  that  induced  growth  inhibition  and  apoptosis,  we  cultured  four  cell  lines  with  4  pM 
-aha  "o;  various  periods  of  time  and  evaluated  for  the  presence  of  acetyiated  H3  and  H4  using 
Western  blotting  with  acetyiated  histone-specific  antibodies.  We  detected  a  time  dependent  increase 
.  acetyiated  H3  and  H4  in  all  four  cell  lines,  178, 22B,  Leukl  and  NOK  cells  beginning  at  3  hr  (Fig. 

3A.  3B). 

SAHA  induces  expression  of  p21WAF1  mRNA  and  protein.  The  ceii  cycle  kinase  inhibitor  p21VVAr1  is 
•ducec  m  various  transformed  cells  by  HDAC  inhibitors  such  as  SAHA  and  may  play  a  roie  in  the 
:;rowth  inhibition  observed  after  in  vitro  treatment  with  these  agents.  We  detected  increased 
•  press  on  of  p21VVAFl  mRNA  (Fig.  3C)  and  p21WAF1  protein  (Fig.  3D)  in  HNSCC  cell  lines  17B  and 
22B  alter  treatment  with  4  pM  SAHA,  in  the  178  cells  p21 WAF 1  protein  level  peaked  at  15  hours  and 
men  declined,  whereas  in  the  22B  cells,  maximal  p21WAF1protein  expression  was  seen  at  24  hours.  In 
omparison,  both  Leukl  and  NOK  cells  had  a  higher  constitutive  level  of  p21WAF1mRNA  than  the 
malignant  cells  yet  their  protein  level  was  low.  Nonetheless,  incubation  with  4  pM  SAHA  had  small 
fieri  on  021***'  mRIMA  but  increased  the  level  of  p21WAF1  protein  In  Leukl  by  24  hours  and  NOK  cells 
by  3  hours  (Fig.  3E.F). 

SAHA  induces  apoptosis  via  the  mitochondrial  (intrinsic)  pathway  in  HNSCC  cells.  Apoptosis 

can  be  initiated  via  the  mitochondrial  (intrinsic)  pathway  that  functions  through  caspase-9,  or  via  the 
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death-receptor  (extrinsic)  pathway  that  acts  through  caspase-8.  The  release  of  cytochrome  C  from  the 
mitochondria  initiates  caspase  activation,  thus  triggering  the  important  intrinsic  apoptotic  pathway 
frequently  induced  by  cytotoxic  agents.  We  next  examined  the  effects  of  incubating  178  and  22B  ceiis 
4  uM  SAHA  on  several  key  aspects  of  apoptosis  initiation  via  the  intrinsic  pathway,  such  as 
jyrochrome  C  release,  activation  of  caspases  and  cleavage  of  protein  substrates.  As  shown  in  Figure 
•  A,  SAHA  triggered  a  rapid  release  of  cytochrome  C  into  the  cytosol  in  17B  and  22B  HNSCC  ceils, 
ms  was  followed  by  activation  of  caspase-9  within  15  hours,  as  demonstrated  by  the  decreased 
expression  of  procaspase-9  by  Western  blotting  of  total  protein  extracts  in  Figure  4B.  Next,  we 
observed  a  time-dependent  activation  of  the  effector  caspase-3  within  15  hours,  as  demonstrated  by 
decrease  in  procaspase-3  and  appearance  of  the  cleaved  form  of  the  caspase  substrate  PARP  (Fig. 
4B). 

Activation  of  the  caspase  cascade  is  required  for  SAHA-induced  apoptosis.  We  examined  the 
effect  of  SAHA  on  apoptosis  induction  in  the  presence  of  a  caspase  inhibitor  to  determine  whether 
activation  of  the  caspase  cascade  is  necessary  for  SAHA  to  induce  apoptosis  in  HNSCC  ceils.  As 
shown  n  Figure  4C,  the  pan-caspase  inhibitor  Z-VAD-FMK  suppressed  SAHA-induced  apoptosis  in 
7 8  and  22B  cells.  This  indicates  that  activation  of  the  caspase  cascade  is  required  for  SAHA  to 
educe  apoptosis  in  these  HNSCC  celi  lines.  However,  a  specific  caspase-9  inhibitor  only  partially 

-  socked  the  induction  of  apoptosis  (Fig  40),  indicating  that  alternative  caspase  cascades  also  play  a 
jie  in  SAHA-induced  apoptosis.  As  shown  in  Figure  4D,  a  specific  inhibitor  of  caspase-8  also  blocked 
iB  T.c action  of  apoptosis  in  HNSCC  cells  by  SAHA,  indicating  a  role  for  the  extrinsic  apoptosis 

pathway. 

SAHA  activates  the  death  receptor  (extrinsic)  apoptosis  pathway.  The  death  receptor  (extrinsic) 
apoptosis  pathway  involves  binding  of  a  ligand  to  one  of  the  TNF  family  of  death  receptors,  activation 
of  caspase  8.  followed  by  caspase-3  activation.  However,  the  intrinsic  and  the  extrinsic  pathways  are 
linked  through  the  ability  of  caspase  8  to  cleave  BID,  which  in  turn  leads  to  cytochrome  C  release 
Tom  the  mitochondria.  To  explore  whether  incubation  of  HNSCC  celts  in  SAHA  would  also  activate 
death  receptor  pathway,  we  evaluated  the  expression  of  Fas(CD95)  and  FasL(CD95L),  DR4, 

DR5,  and  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)  before  and  after  exposure 
to  SAHA  for  various  time  periods.  As  shown  in  Figure  5A,  there  was  little  if  any  expression  of  Fas  and 
p3st.  n  untreated  17B  and  228  cells,  but  after  incubation  with  SAHA,  there  was  a  time-dependent 

-  icrease  in  expression  of  both  molecules.  In  both  HNSCC  cell  lines,  the  expression  of  Fas  and  Fast 
ncreased  by  3  hours,  but  in  the  17B  cells,  expression  peaked  at  15  hours,  whereas  in  the  22B  cells, 
-xprassion  was  strongest  at  24  hours.  SAHA  also  activated  caspase-8  and  cleaved  BID  by  15  hours 

•  both  HNSCC  cell  lines  (Fig.  5C),  demonstrating  activation  of  the  extrinsic  apoptosis  pathway  by  this 

In  contrast,  untreated  Leukl  and  NOK  cells  expressed  both  Fas  and  Fast,  and  SAHA  did  not 
c  hange  the  level  of  constitutive  expression  (Fig.  5A).  SAHA  did  not  alter  the  expression  levels  of  DR4 
v  DR5,  and  increased  TRAIL  only  marginally  after  24  hrs  (Fig.  5D). 

’  o  determine  whether  activation  of  Fas  was  required  for  SAHA  to  induce  apoptosis,  we  incubated  17B 
and  228  ceiis  with  SAHA  in  the  presence  of  soluble  Fas  to  compete  for  FasL,  As  shown  in  Figure  5E, 
rompetitive  inhibition  with  soluble  Fas  was  able  to  block  the  induction  of  apoptosis  in  these  cells  by 
SAHA  This  suggests  that  activation  of  Fas  is  required  for  SAHA  to  induce  apoptosis  in  HNSCC  cells. 

Partial  silencing  of  caspases  8  and  9  reduces  SAHA-induced  apoptosis.  Caspase-9,  caspase-8, 
nnd  Fas  expressions  were  also  blocked  by  transfecting  specific  siRNAs  into  22B  cells,  and  then 
analyzing  whether  SAHA  could  still  Induce  apoptosis  in  these  cells,  siRNA  transfection  was  effective 
:  s  blocking  activation  of  caspase-9  (Fig.  8A)  and  caspase-8  (Fig,  6B)  in  SAHA-treated  cells.  As  shown 
■  Figure  6C,  this  effect  also  decreased  the  ability  of  SAHA  to  induce  apoptosis  in  22B  ceiis  by  84% 

•  c  ?i%,  respectively.  Furthermore,  transfection  of  Fas  siRNA  alone  also  reduced  the  ability  of  SAHA 
‘o  induce  apoptosis  in  22B  HNSCC  cells  by  63%  (Fig,  6C). 
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.  ambition  of  Fas  activation  limits  SAHA-lnduced  inhibition  of  anchorage-dependent  colony 

formation.  To  determine  whether  Stocking  SAHA-induced  apoptosis  by  the  different  siRNAs 
:;escr  oed  above  could  also  protect  the  cells  from  growth  inhibition,  we  analyzed  the  ability  of  22  B 
r  Is  tc  form  colonies  in  the  presence  and  absence  of  SAHA  after  siRNA  transfection.  As 
srrior  strated  in  Figure  6D.  SAHA  inhibited  colony  formation  by  about  98%,  whereas  selective 

■  terference  with  caspase-9  and  caspase-8  decreased  the  inhibitory  effect  of  SAHA  to  45%  and  43%, 
espec'ively  interference  with  Fas  signaling  also  decreased  the  ability  of  SAHA  to  suppress  colony 

' .xma don  ,n  2.28  HNSCC  cells  to  61  %,  whereas  non-specific  siRNA  decreased  the  effect  of  SAHA  by 
ess  an  10%  further  supporting  the  contributions  of  both  apoptosis  pathways  in  mediating  the 
a  of  Saha  on  growth  inhibition  as  well  as  apoptosis  induction  in  HNSCC  ceils. 

Effects  of  another  HDAC  inhibitor,  valproic  acid,  on  ceil  growth  and  apoptosis. 

addition  to  studying  the  effects  of  SAHA  in  proposed  originally,  we  also  investigated  the  effects  of 
-  rher  HDAC  inhibitor,  valproic  add.  The  results  of  this  study  are  summarized  in  the  finished 

manuscript  (Zhong  et  al,  2008)  attached  in  Appendix  111  -  Publications. 

Background:  Valproic  acid  (VPA),  a  commonly  used  anti-seizure  medication,  is  an  HDAC  inhibitor 
mat  is  currently  being  evaluated  in  clinical  trials  in  myeioid  malignancies  in  combination  with 
neciiabina.  To  determine  whether  VPA  has  potential  clinical  applications  for  chemoprevention  and 
therapy  in  patients  with  head  and  neck  squamous  cell  carcinoma  (HNSCC),  we  analyzed  the  effect  of 
/PA  on  growth  and  apoptosis  of  HNSCC  cell  lines.  The  results  are  summarized  below  and  refer  to 
figures  in  ;he  manuscript  (Zhong  et  al,  2006)  attached  in  Appendix  lit  -  Publications. 

bindings;  VPA  suppressed  the  growth  of  all  9  ceil  lines  with  ICso  ranging  from  1.73  mM  to  15.17  mM 
a  3-day  treatment  (Fig.1).  Subsequent  mechanistic  studies  focused  on  the  most  sensitive  cell 
>r.  17B  Ceil  cycle  analysis  revealed  an  increased  percentage  of  cells  in  sub-GI  and  in  G2  after  16 
mcubation  with  VPA  in  a  dose-dependent  manner  (data  not  shown),  TUNEL  apoptosis  assays 
x-n  ionstrated  that  a  16~hr  exposure  to  VPA  at  concentrations  of  2.5,  5  and  1 0  mM  resulted  in  15%, 

.  ,■  and  37.5%  apoptctic  cells,  respectively.  DNA  laddering  observed  in  agarose  gels  confirmed 
:  no  action  of  apoptosis  (Fig.  2).  Northern  and  Western  blot  analyses  were  performed  to  study  the 
-  xpressio  i  ct  key  genes  in  growth  arrest  and  apoptosis  pathways.  VPA  increased  nuclear  content  of 
acetyiated  histones  H3  and  H4.  The  levels  of  p53  mRNA  and  protein  decreased,  while  the  levels  of 
p2l  /WAF 1  increased  after  treatment  with  VPA,  suggesting  that  VPA  exerted  the  growth  inhibition 
effect  through  a  p2l -dependent,  but  p53-independent  pathway  (Fig.  3).  The  protein  levels  of  pro- 
caspases,  3,  6  and  9  decreased,  accompanied  by  simultaneous  increased  levels  of  cleaved  caspases 
s  and  9.  and  cleaved  PARP  (Fig.  4),  and  addition  of  the  caspase  inhibitor  Z-VAD-FMK  to  VPA-treated 
"■b  cells  abolished  VPA-induced  apoptosis,  indicating  that  VPA  acts  through  a  cascade  of  caspases 

■  Fig.  5).  VPA  treatment  did  not  change  the  protein  levels  of  Fas,  Bax,  Bcl-2  or  caspase  8,  but  further 
analysis  of  the  extrinsic  apoptosis  pathway  revealed  increased  DR5,  FADD,  caspase  10  and 
decreased  prc-caspase  2,  suggesting  activation  of  this  pathway  (Fig.  6).  Interestingly,  although  levels 
of  TRAIL  decreased,  partial  blockage  of  DR5  and  FADD  using  siRNA  transfection  markedly 
iimitiishea  the  ability  of  VPA  to  induce  apoptosis  in  17B  ceils,  suggesting  an  important  role  for  DR5- 
"ed.atec  signaling  (Fig.  7).  Indeed,  treatment  of  the  cells  with  a  combination  of  exogenous  TRAIL  and 
v PA  augmented  the  apoptosis  inducing  effect  of  the  HDAC  inhibitor  (Fig.  8).  Further,  treatment  with 
troth  5-aza-CdR  and  VPA  synergistically  increased  apoptosis,  suggesting  a  possible  role  for 
combinations  of  these  agents. 

siRNA  inhibition  on  DNMT1  expression  and  cell  growth  of  NSCLC  A549  ceils.  The  inhibition  of  5- 
A2A-C0R  on  DNA  methyltransferase  (DNMT)  requires  its  incorporation  into  DNA  that  greatly  limits  its 
Aibitory  effect  and  application.  The  newly  emerging  siRNA  agents  show  powerful  inhibitory  effects 
on  many  target  genes,  which  encourages  us  to  test  effects  of  DNMT -specific  siRNA  on  expression  of 
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DNMT  and  cel!  growth.  The  results  have  been  published  in  international  Journal  of  Oncology  (Oridate 
et  al,  2005),  and  are  summarized  below. 

Findings;  Transfection  of  DNMT1  siRNA  decreased  DNMT1  protein  levels  specifically  and  effectively 
■■■  A549  cells.  This  decrease  was  accompanied  by  suppression  of  cell  proliferation  and  colony-forming 
abih-y  The  n  techanism  of  this  inhibition  may  be  related  to  the  increased  levels  of  the  cyclin-dependenl 
kinase  inhibitor  p2t.  These  results  suggest  that  the  siRNA  approach  can  be  used  to  disrupt  DNMT1 

activity  and  cancer  cell  growth. 

Effects  of  SAHA  and  S-AZA-CdR  alone  and  combined  on  gene  expression.  We  used  Affymetrix 
gene  expression  microarray  to  evaluate  the  effects  of  the  epigenetic  modulators  on  gene  expression. 

The  analysis  involved  treating  the  cells  with  SAHA  (4  //M),  5-AZA-CdR  (1  //M)  for  3  days  or  with 
SAHA  (4  //M)  for  1  day  or  with  5-AZA-CdR  (1  //M)  for  3  days  followed  by  1-day  treatment  with  the 
combination  of  5-AZA-CdR  (1  pM)  plus  SAHA  (4  juM).  RNA  samples  isolated  from  these  treated  ceils 
were  subjected  to  microarray  analysis  using  the  commercial  Human  Affymetrix  U133A  chip. 

' findings*.  The  analysis  was  performed  by  the  Bioinformatics  Core  and  is  summarized  in  Appendix  1, 

:  abies  2-7.  in  brief,  Table  2  lists  genes  showing  over  2-fold  increased  expression  after  treatment  with 

•  nA  «*+  /s/M;  24hr):  Table  3  lists  genes  showing  over  2-foid  decreased  expression  after  treatment 

•  •  SAHA  |4  pM;  24hr);  Table  4  shows  genes  having  over  2-fold  increased  expression  after 
eaiment  with  5-AZA-CdR  (1  /uM;  4days);  Table  5  shows  genes  having  over  2-fold  decreased 

expression  after  treatment  with  5-AZA-CdR  (1  jt/M;  4days};  Table  6  lists  genes  showing  over  2-fold 
.creased  expression  after  treatment  with  5-AZA-CdR  (1  /jM  4days)  and  SAHA  (4  j.M  last  24  hrs  of 
f  ■  2  A-CdR  treatment)  compared  to  untreated  control  cells;  Tabie  7  lists  genes  showing  over  2- 
p  reasecf  expression  after  treatment  with  5-AZA-CdR  (1  //M  4days)  and  SAHA  (4  juM  last  24  hsr 
of  the  5-AZA-CdR  treatment). 

■  vers  5- A2A-CdR  modulated  the  expression  of  750  genes;  SAHA  modulated  the  expression  of 
i3S  genes  while  their  combination  affected  the  expression  of  1595  genes.  There  were  genes  that 
.<„•••  modulated  by  5-AZA-CdR  alone  or  SAHA  alone  and  not  by  the  other  or  the  combination.  Each 
..ger.;  alone  also  modulated  about  30%  of  the  genes  modulated  by  the  combination  of  agents, 
functional  minmg  of  the  data  using  the  Ingenuity  program  revealed  that  5-AZA-CdR  alone  increased 
me  expression  of  genes  involved  in  canonical  pathways  including  fatty  acid  biosynthesis,  antigen 
presentation  pathway,  cell  cycle:  G2/M  DNA  damage  checkpoint,  interferon  signaling  in  decreasing 
order  of  fold  increase;  whereas  analysis  according  to  functional  network  showed  modulation  of  genes 
related  to  cancer,  cell  death,  cell  movement,  cell  cycle,  DNA  replication,  recombination  and  repair, 
xell-to-cell  signaling,  and  drug  metabolism.  A  similar  analysis  of  the  effects  of  SAHA  alone  revealed 
modulation  of  canonical  pathways  including  fatty  acid  biosynthesis,  cell  cycle  G2/M  DNA  damage 
mecxpoim.  antigen  presentation  pathway,  hypoxia  signaling,  and  sonic  hedgehog  signaling.  In 
retotion  to  lunctional  network  modulation,  SAHA  affected  genes  related  to  cell  cycle,  ceil  assembly 
and  organization,  cancer,  cell  growth  and  proliferation,  cell  death,  cell  movement,  inflammatory 
iisease,  molecular  transport  and  cell-to-cell  interactions.  As  mentioned  above,  many  of  these  same 
penes  were  also  modulated  by  the  combination  of  5-AZA-CdR  and  SAHA.  However,  there  were 
■  ;ts  genes  that  were  regulated  by  the  combination  of  the  two  agents  but  not  by  each  agent 

alone  These  included  genes  involved  in  oxidative  phosphorylation,  ERK/MAPK  signaling,  VEGF 
signaling,  PPAR  signaling,  1L-6  signaling,  EGF  soignafing,  p38  MARK  signaling,  IGF-1  signaling, 
mtegrin  signaling,  and  NF-kB  signaling. 

We  have  not  completed  this  task  yet.  In  the  near  future  we  should  validate  some  of  the  microarray 
Endings  using  quantitative  polymerase  chain  reaction  and  Western  blotting,  and  we  will  pursue  some 
'unctional  studies  using  siRNA  library  screening. 

Specific  Aim  3;  To  determine  the  ability  of  SAHA,  5-aza-CdR  and  their  combinations  to  inhibit 
the  growth  of  human  NSCLC  xenografts  in  athymic  nude  mice. 
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,<Ve  performed  the  in  vim  experiments  to  assess  the  ability  of  SAHA  and  5-AZA-CdR  to  exert  anti¬ 
tumor  effects  against  human  lung  cancer  xenograft  in  an  in  vivo  mouse  model.  Sixty  eight  of  4-week- 
oid  athymic  nu/nu  female  mice  {Harlen,  Inc.  Indianapolis,  IN)  were  injected  s.c.  bilaterally  with  1x10° 
non-small  cell  lung  cancer  cells  of  cell  line  H157ASRARbeta  in  0.1  ml  of  PBS.  The  mice  were 
maintained  without  any  treatment  until  tumors  reached  a  volume  of  -100  mm3.  As  shown  in  Table  8, 
rumor-bearing  mice  were  divided  into  eight  groups  (8  to  10  mice/group)  for  the  treatment  study.  For 
administration  to  mice  ,  SAHA  was  dissolved  and  diluted  in  a  vehicle  of  DMSO.  Each  group  of  mice 
roeived  26.  50.  or  100  mg/kg  SAHA  daily  as  a  single  agent  and  combined  with  a  fixed  5-aza-CdR 
ose  of  i  mg/kg  by  i.p.  injection.  A  control  group  of  8  animals  was  injected  with  vehicle  only  (DMSO). 

-  .  -  jsciion  volume  was  kept  constant  at  1  ^l/gram  body  weight.  The  mice  were  weighed  three  times 
experimental  period  to  assess  toxicity  of  the  treatments,  and  the  tumors  were  measured 
every  three  days  using  calipers.  The  treatment  period  was  planned  for  21  days,  when  the  vehicle- 
treatec  group  of  mice  was  expected  to  develop  tumors  with  about  1  cm  diameter  requiring  that  the 
animat  be  sacrificed.  Tumor  volume  was  calculated  from  the  two-dimensional  caliper  measurements 
using  the  following  formula:  Tumor  volume  =  length  x  (width)2  x  r/6. 


T able  8.  The  ni  ce  were  randomized  into  8  groups  of  8  mice  each  (see  below). 


Group 

1 

Group 

2 

Group 

3 

Group 

4 

Group 

5 

Group 

a 

Group 

7 

Group 

8 

"Control  1 

5-aza- 

SAHA 

SAHA 

SAHA 

SAHA 

SAHA 

SAHA 

DMSO 

CdR 

1  mg/kg 

25mg/Kg 

50mg/kg 

lOOmg/kg 

25mg/kg 

5-aza-CdH 

50  mg/kg 
5-aza-CdH 

lOOmg/kg 

1  5-aza-CdH 

Oniy 

|  Only 

Only 

Oniy 

Only 

1  mg/kg 

1  mg/kg 

1  mg/kg 

8  mtee 

:  8  mice 

8  mice 

8  mice 

10  mice 

8  mice 

8  mice 

lOmice 

f  indings:  As  shown  in  Table  9,  SAHA  did  not  decrease  the  weight  gain  of  the  mice  over  the  12  days 
f  the  experiment  even  at  the  highest  dose.  In  contrast,  5-aza-CdR  caused  loss  of  weight  even  at  the 
tower  dose  and  both  doses  caused  nearly  50%  mortality  whether  given  alone  or  with  SAHA.  The 
weight  of  the  tumors  in  the  mice  that  survived  until  day  12  was  much  lower  in  the  mice  treated  with  the 
combination  of  the  two  agents  than  with  each  agent  alone  as  seen  in  Figure  4,  and  the  kinetics  of 
tumor  growth  are  slowed  down  in  treated  mice  with  the  greatest  effects  observed  in  double-treated 
mice,  which  also  lost  considerable  body  weight  (Fig.  5). 


Table  9:  Effects  of  SAHA  alone,  5-aza-CdR  alone  and  their  combination  administration  on  the  body  weights  and 
survival  of  the  RAR-gASH  157  Abs  (12)  Human  NSCLC  bearing  mice. _ _ 


Traatimnt 

; 

initial  body 
weight  {g)a 

5  days  Treated 
body 

Weight  (g) 

10  days 

Treated 

Weight  (Q) 

Final  body 
weight  (q) 

Day  12 

Death  [days  (D)  of 
treatment] 

Vehicle  fDMSO) 

19.33±  1.32 

tn«  8) 

18.89  ±1.11 
(n  =  8) 

21.36  ±1.28 
(n  =  8) 

21.59±1.12 
(n  =  8) 

0 

2.5  SAHA 

18.48  ±  03 
t n  ~  8) 

tail  i  1.43  (n  = 

8) 

19.16  ±  2.00  (n 
=  8) 

20.33  ±1.79(/i 
=  8) 

0 

50  mg/kg  SAHA 

19.59  *  0.83 
(n=  10) 

19,94  ±  1 .04  (n  = 
8) 

20.10  ±  1.44  in 
=  10) 

20.38  ±  1.43  (n 
-  8) 

0 

100  mQtk§  SAHA 

19.33  *  2.1 1  (ft  ’ 
=  10) 

18.71  ±1.83(n  = 
10) 

19,91  ±  1.96  (n 
=  10) 

20.61  ±  2.06  (n 
=  10} 

6 

Img/kg  5-aza-CdR  j 
Only 

18.63  ±  1.65  {n 
=  8) 

17.69  ±  2,68  (n  * 
8) 

17.73  ±3.51 

!  f»*7)  ,  .. 

15,85  ±2.96 
j  (A=4)  . 

i  (bio)s 

3(D11)*4(D12)B 

25mg/kg  SAHA 

1  mg/kg  5-aza-CdR  j 

I8.5S  ±2.18  (n 
=  8) 

18.84  ±  1 .66 
(n  =  8) 

15.22  ±2.28 
(n  ~  5) 

13.64  ±1.10 
(n  =  4) 

3  (D10)° 

1  (D11)e 

4(012)* 

SOmg/kg  SAHA 
tmg/kg  5-aza-CdR 

18.59  ±  2.18  (n 
=  8) 

16.84  ±  1 .88  (n  = 
8) 

15.76  ±1.25(0  1 
“  4) 

14,58  ±0.51 

fo  =  4) 

4  (Dior 

2(011)* 

2  (D12)° 
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j  100  mg/kg  SAHA 

18.85  ±  1.36  (n 

16.68  ±  1.65  {/I  » 

15.  ±  1.68  {n  =  12.95  ±  0.7  (n 

;  1  (D10) 8 . 

:  mg/kg  5-aza-CdR 

=  10) 

10) 

0)  =  5) 

4  (D11)ft 

1  5(012)" 

All  values  are  presented  as  the  mean  +  SE  for  the  surviving  animals  (n)  in  each  treatment  group,  initial  and  final  body 
.ve  ignis  refer  to  the  weight  of  the  mice  at  the  start  of  SAHA  treatment  and  the  end  of  the  experiment,  respectively,  s  Mice  that 
• mis  dose  group  showed  marked  weight  loss  for  1-2  days  before  death. 


Final  day  Tumor  Weight 


Figure  4  the  final  day  tumor  weight  for  groups  DMSO  and  SAHA  (25. 50  and  1 0Omg/kg).  The  tumors  from  groups  Img/kg 
5-aza-CdR  only  and  combination  with  SAHA  {25. 50  and  1 0Gmg/kg)  are  weighted  at  the  day  {day  1 0,  day  1 1  and  dayl  2) 

the  mice  died, 


-♦ — DMSO  Contra! 

*—  5-aza-CdR 
25mg/kg  SAHA 
-*-50mg/kg  SAHA 
lOOmg/kg  SAHA 
*  -iumg/kg  SAHA  -^aza 
H — 50  mg/kg  SAHA  ~aza 
- lOOmg/kg  SAHA  +aza 


Tumor  Size  mm 


Figure-  5:  s.c,  growth 
of  the  Human  NSCLC 
RAR-jiASH  157  Abs 
{12}  cells  in  nude  mice 
treated  with  daily  ip 
injection  of  vehicle 
(DMSO)  stone,  SAHA 
and  fixed  dose  Irng/kg 
5-aza-CdR  alone  or 
with  SAHA 
carnbina&on,  AH 
groups  contained  eight 
or  ten  mice  at  each 
time  point,  except  for 
the  groups  receiving 
1mg/kg  &&Z&-C&K  in 
which  animate  died  by 
the  end  of  the 

trees  rwrirtrf 


Days  of  Treatment 


Key  Research  Accomplishments: 

•  We  found  that  5-AZA-CdR,  SAHA,  and  valproic  add  were  able  to  inhibit  the  growth  of 
premalignant  and  malignant  Sung  epithelial  cells  and  head  and  neck  SCCs  in  a  dose 
dependent  fashion.  Normal  oral  epithelial  cells  were  much  less  sensitive;  in  some  of  the  cell 
lines,  5-AZA-CdR  and  SAHA  acted  synergisticafly. 

•  Both  SAHA  and  valproic  acid  inhibited  the  growth  by  G2  arrest  and  also  induced  apoptosis  in 
HNSCC  cell  lines, 

•  We  found  that  siRNA-mediated  gene  silencing  of  DNMT  can  be  applied  to  inhibit  the  growth  of 

lung  cancer  cells. 
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*  SAHA  inhibited  histone  deacetylase  in  normal,  precancerous  and  cancerous  ceils,  but 
inhibited  growth  in  only  the  cancer  cells. 

*  inhibition  of  cell  proliferation  by  which  SAHA  and  valproic  acid  may  involve  the  induction  of 
p21 :  The  induction  of  apoptosis  by  SAHA  and  valproic  acid  includes  activation  of  the 

n mochondrial  pathway  (activation  of  caspase  9  and  caspase  3);  SAHA  also  activated  Fas 
ceath  receptor  mediated  apoptosis  pathway,  which  involves  caspase  8. 

*  SAHA,  5-aza-CdR  and  their  combinations  inhibited  the  growth  of  human  NSCLC  cells 

nplanted  subcutaneously  in  athymic  nude  mice,  demonstrating  antitumor  activities  of  SAHA 
and  5-aza-CdR  alone  and  in  combination, 

*  We  discovered  subsets  of  genes  and  network  that  are  modulated  by  SAHA  and  5-aza-CdR 
and  by  their  combination. 

Reportable  Outcomes 
Articles  published  or  In  progress; 

Or  cate  N,  Lotan  R,  Suppression  of  DNA  methyltransferase  1  levels  in  head  and  neck  squamous 
carcinoma  cells  using  small  interfering  RNA  results  in  growth  inhibition  and  increase  in  Cdk 
inhibitor  p21  fnt.  J.  Oncology,  26;  757-761,2005. 

...  Giiienwater  AM,  Zhong  M,  Lotan  R,  induction  of  apoptosis  in  head  and  neck  squamous  carcinoma 
cens  by  the  histone  deacetylase  inhibitor  SAHA  is  mediated  by  both  mitochondria!  and  Fas  (CD95) 

Signaling,  (ready  for  submission) 

3  Fujimoto  JY  Men  T,  Lee  JJ,  Kong  M,  Ayers  GD,  Hong  WK,  Lotan  R,  Additive  and  synergistic 
effects  of  5~aza-2'"deoxycytidine  and  suberoylanilide  hydroxamic  acid  (SAHA)  on  human  lung 
carcinoma  cells  in  vitro  and  in  vivo,  (in  preparation) 

2;  ong  M,  Giiienwater  A,  Lotan  R.  Valproic  acid  Induces  growth  Inhibition  and  apoptosis  in  head 
and  neck  squamous  carcinoma  ceil  lines,  (in  preparation) 

Meeting  Abstracts: 

Fujimoto  J  v.  Hong  WK,  Lotan  R.  Antineoplastic  action  of  5-aza-2’-deoxycytidine  and 
subercvianilide  hydroxamic  acid  (SAHA)  on  human  lung  carcinoma  cells,  Proc  AACR  46;  #1820, 

2005. 

2  Zhong  M,  Giiienwater  A,  Lotan  R.  Valproic  add  induces  growth  inhibition  and  apoptosis  in  head 

and  neck  squamous  carcinoma  cell  lines.  Proc  AACR  47;#5494,  2006. 

Conclusions 

Our  lata  demonstrate  that  the  epigenetic  modulators  5-aza-CdR,  SAHA,  and  valproic  acid  exert 
irowtn  inhibitory  and  apoptosis-inducing  activity  in  HNSCC  cells  and  premalignant  and  malignant  lung 
epithelial  cells  in  vitro,  and  SAHA  and  5-aza-CdR  are  also  active  in  vivo  especially  in  combination, 
f  hese  results  strongly  support  that  this  combination  should  be  investigated  further  for  therapeutic  use 

tn  patients  with  this  malignancy. 
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Project  6:  The  Rol©  of  the  Farnesyl  Transferase  Inhibitor  SCH6S336  in  Treatment  of  Carcinoma 
of  the  Lung  and  Aerodigestive  Tract 

Project  leader:  Fadto  Khuri.  M.D.;  Co-Leader:  Shi-Young  Sun,  Ph.D.) 

Ri-S  oncoprotein  is  an  important  transforming  protein  in  many  cancers,  acting  through  several 
pathways  downstream  of  RAS,  effecting  multiple  downstream  molecules  including  the  raf-MAP  kinase 
pathways,  the  Pi3  kinase  pathway,  and  by  promoting  angiogenesis  and  inhibiting  apoptosis.  In  order 
o  be  activated,  RAS  requires  farnesylation  to  be  tethered  to  the  cytoplasmic  side  of  the  plasma 
membrane  and  remain  constltutively  activated.  The  goal  of  the  project  is  to  investigate  the  molecular 
mechanisms  through  which  the  farnesyl  transferase  inhibitors  (e,g„  SCH66336)  act  in  the  lung  and 
aerodigestive  tract  carcinomas. 

Summary  of  Research  Findings: 

Specific  Aim  i:  To  evaluate  effects  of  SCH66338  on  Ras  downstream  signaling  and  apoptosis 
and  angiogenesis  in  lung  and  head  and  neck  squamous  cell  carcinoma  cells 

Findings:  We  examined  the  effects  of  SCH66336  on  Akt  and  Raf/ERK  signaling  pathways  in  a  panel 
of  human  NSCLC  ceils  and  found  that  SCH66336  did  not  decrease  the  levels  of  p-Akt,  Akt,  Raf-1 ,  p- 
ERK1/ERK2,  and  ERK1/ERK2.  In  at  least  two  of  the  cell  lines,  we  found  that  SCH88336  in  fact 
Teased  p-Akt  and  p-GSK3p  (a  well-known  substrate  of  Akt)  levels  in  a  dose-  and  time-dependent 
manner  ( Fig.  1 ).  We  also  examined  the  effects  of  another  FT  I  called  R115777  on  these  signaling 
pathways  interestingly,  we  found  that  this  FTI  did  not  decrease  the  levels  of  p-Akt,  Akt,  Raf-1,  p- 
ERK1/6RK2,  and  ERK1/ERK2  either.  Like  SCH66336,  R1 15777  actually  increased  p-Akt  and  p- 
GSK3ji  levels  :n  some  NSCLC  cell  lines  (Fig.  2).  These  results  suggest  that  inhibition  of  protein 
farnesylation  in  some  NSCLC  cell  lines  activates  Akt  survival  signaling  pathway.  Detailed  findings 
have  been  published  in  Cancer  Biology  &  Therapy  { Sun  et  al,  2004).  We  are  currently  investigating 
whether  FTI -induced  Akt  activation  leads  to  cell  resistance  to  FTIs, 
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r- c,ure  2-  Effects  of  S1 1 1 577?  so  Akt  and  ERK  signaling  pathways  in  human  NSCLC  colls.  A  and  B, 
The  indicated  cell  lines  were  treated  with  5  uM  R1 15777  in  medium  with  5%  serum  (A)  or  medium  with 
:  5%  serum  for  16  h.  The  cells  were  then  harvested  for  preparation  of  whole-cell  protein  lysates  and 
:  subsequent  Western  blot  analysis.  C  and  D,  The  indicated  cell  lines  were  treated  with  the  indicated 
;oncentrations  of  R 115777 for  IS  h  (C)  or  5  uM  R1 15777  for  foe  indicated  times  {D),  The  cells  were 
then  u.r.es-ed  for  preparation  of  whole-cell  protein  lysates  and  subsequent  Western  blot  analysis.  Both 
studies  were  conducted  in  medium  with  5%  serum. 


Specific  Aim  2:  To  evaluate  effects  of  SCH66336  on  protein  expression  in  lung  and  head  and 
neck  cancer  cell  lines  and  determine  roles  of  affected  proteins  as  biomarkers 
and  effectors  of  response  to  treatment  with  SCH66336 

'•f  proposed  to  evaluate  the  effects  of  SCH66338  on  protein  expression  in  both  lung  and  head  and 
eck  -cancer  celt  lines  by  identifying  proteins  whose  expression  is  altered  by  treatment  with  SCH66336 
and  determining  the  role  of  these  proteins  as  biomarkers  and  effectors  of  response  to  treatment  with 

farnesyl  transferase  inhibitors. 

Findings: 

Is  f  adulate  the  expression  of  DR5  that  contributes  to  FTI-induced  apoptosis.  The  expression 

v'  death  receptor  §  (DR5)  is  inducible  by  certain  therapeutic  agents  and  its  activation  by 
--expression  or  ligation  with  its  ligand  triggers  apoptosis.  Our  study  showed  that  SCH66338 
Tuvated  caspase~8  and  its  downstream  caspases,  whereas  the  caspase-8  specific  inhibitor  Z-IETD- 
■MK  or  small  Interfering  RNA(siRNA)  abrogated  SCH66336-induced  apoptosis.  Moreover, 

-  i  ''hoBSSS  increased  both  total  levels  of  DR5  expression  and  ceil  surface  distribution  of  DR5  in 
uman  NSCLC  cells  as  welt  as  other  types  of  cancer  cell  lines.  The  combination  of  SCH66336  with  its 
iiganc  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)  further  enhanced  induction  of 
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-  popiuiiS  Overexpression  of  a  dominant-negative  FADD  mutant  or  silencing  of  DR5  expression  using 
n  SiRNA  attenuated  SCH66336-induced  apoptosis.  These  results  indicate  a  critical  role  of  DR5- 
mediaied  extrinsic  apoptotic  pathway  in  SCH66338-induced  apoptosis.  Moreover,  the  potencies  of 
FTIs  on  DR5  induction  are  associated  with  their  abilities  to  inhibit  protein  farnesylation  and  to  induce 
apoptosis  Collectively,  we  conclude  that  FTIs,  particularly  SCH66336,  induce  DR5  expression 
leading  to  a  caspase-8-mediated  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis.  These 
effects  may  be  related  to  their  farnesylation  inhibitory  activity.  Some  of  the  findings  have  been 
uifblished  in  Cancer  Research  {Sun  et  al,  2005).  The  rest  of  the  work  was  submitted  to  Oncogene  for 
publication  (Sun  et  at,  2006). 

Related  to  this  finding,  w@  discovered  that  another  FTI  Rt  15777  also  upregulated  DR5  expression 
and  enhanced  TRAIL-induced  apoptosis  in  human  NSCLC  cells.  Silencing  of  DR5  expression 
abrogated  Ri  15777-induced  enhancement  of  TRAIL-induced  apoptosis,  suggesting  that  R1 15777 
enhances  TRA;, .-induced  apoptosis  through  DR5  upreguiation.  Additional  experiments  showed  that 
R1 15777  also  increased  DR5  mRNA  levels,  suggesting  that  R1 15777  increases  DR5  expression  at 
toe  transcriptional  level.  Collectively,  we  have  identified  OR5  as  a  protein  that  is  regulated  by  FTIs  and 
mays  an  important  rote  in  mediating  FTi-induced  apoptosis.  A  manuscript  has  been  completed  and  is 
H  ide-going  review  by  Johnson  &  Johnson  (Qiu  et  ai,  2006). 

'7 is  modulate  c-FLIP  expression.  Moreover,  we  found  that  FTIs  increased  the  levels  of  c-FLIP,  a 
protein  that  inhibits  death  receptor-mediated  apoptosis,  in  some  NSCLC  ceil  lines,  particularly  those 
with  Akt  activation  upon  FTI  treatment.  However,  FTIs  decreased  FLIP  levels  in  other  NSCLC  cell 
lines  n  seems  mat  cells  exhibiting  increased  FLIP  upon  FTI  treatment  were  generally  less  sensitive  to 
FTi-induced  apoptosis  than  those  with  decreased  FLIP  on  FTI  treatment.  The  impact  of  FLIP 
modulation  on  FTi-induced  apoptosis  in  human  NSCLC  cells  is  under  study  now.  Nevertheless,  FLIP 
as  another  protein  modulated  by  FTIs,  further  supports  the  importance  of  death  receptor-mediated 
extrinsic  apoptotic  pathway  in  FTi-induced  apoptosis. 

7  is  modulate  CHOP/GADDI  53  expression  that  mediates  FTI -induced  DR5  expression.  One  of 
.  jr  important  findings  is  that  FTIs  upregulate  the  expression  of  death  receptor  5  (DR5),  which 
contributes  to  FTI -mediated  apoptosis  In  human  lung  cancer  cells.  To  demonstrate  the  mechanism  by 
vhich  Fits  induce  DR5  expression,  we  determined  whether  FTIs  increased  the  activity  of  DR5 
romoi&r  indeed,  we  found  that  both  SCH66336  (Lonafarnib,  LNF)  and  R1 15777  enhanced  DR5 
promoter  activity,  indicating  that  FTIs  upregulate  DR5  expression  at  the  transcriptional  levels.  Using 
neleiion  strategy,  we  generated  reporter  constructs  with  different  lengths  of  DR5  promoter  region  to 
-•arrow  down  the  possible  region  that  FTIs  work  on.  By  transient  transfection  and  luciferase  activity 
assay,  we  identified  die  region  between  -373  and  -240  critical  for  SCH66336  transactivation  of  DR5 
promoter  because  reporter  construct  with  240  bp  DR5  promoter  region  iost  luciferase  activity  upon 
SCH66336  treatment  (Figs  3A  and  38).  It  has  been  documented  that  the  transcription  factor  CHOP 

-  GADD  I  53)  mediates  DR5  transactivation  in  response  to  certain  cancer  therapeutic  agents. 

omcldenily,  we  found  that  CHOP  binding  site  locates  in  this  region  (between  -373  and  -240).  To 
•.remonstrate  the  role  of  CHOP  in  FTI-induced  DR5  expression,  we  obtained  reported  constructs  with 
wild-type  CHOP  binding  site  (w),  mutant  CHOP  binding  site  (CHOPrn).  mutant  Elk-1  binding  site  (Eik- 
sm),  and  mutant  NF-kB  binding  site  (NF-xBrn),  respectively.  In  the  luciferase  assay,  we  found  that 
only  CHOPm  reported  construct  did  not  show  any  luciferase  activity  upon  treatment  with  SCH66336, 
aaicating  that  CHOP  binding  site  indeed  is  responsible  for  SC H66336-med iated  DR5  transactivation 
Tigs.  3C  and  3D). 

Next,  we  examined  whether  FTIs  modulated  the  expression  of  CHOP.  By  western  blot  analysis,  we 
*ound  that  SCH66336  increased  the  levels  of  CHOP  protein  in  a  time-dependent  manner,  which  was 
accompanied  with  DR5  upreguiation.  The  upreguiation  of  both  CHOP  and  DR5  expression  started  at 
■  *'■  nost  SCH66336  treatment  and  was  sustained  up  to  24  h.  We  detected  cleavage  of  caspase-8. 
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easpase-3  and  PARP  at  12  h  after  SCHS6338  treatment  (Fig,  4).  Thus,  we  conclude  that  CHOP 
induction,  like  DR5  upregulation,  is  an  early  event  ahead  of  caspase  activation  in  ceils  exposed  to 
SCH66336  Since  both  DR5  and  CHOP  expression  are  regulated  by  JNK  activation,  we  then 
examinee  modulatory  effects  of  SCH68336  on  the  expression  of  CHOP  and  DR5  in  the  presence  of 
he  JNK  inhibitor  SP800125.  SP600125,  at  concentrations  that  abolished  SCH66336-induced 
-  crease  in  c-Jun  phosphorylation,  failed  to  inhibit  SCH66336-induced  CHOP  expression,  but  partially 
mimshed  SCH86336  s  effect  on  DR5  induction  in  both  H1792  and  H157  cells  (Fig.  5),  These  results 
ncicate  that  JNK  activation  partially  participates  in  SCH66336~induced  DR5  expression,  but  not  in 
CHOP  upregulation. 

;  last  we  determined  whether  SCHS6338  upregulaies  DR5  expression  through  a  CHOP-dependent 
'■echamsm.  To  this  end,  we  silenced  CHOP  expression  using  CHOP  siRNA  and  then  examined  its 
"■'ipact  on  SCH86836-induced  DR5  expression,  SCH66336  could  induce  DR5  expression  in  cells 
■ransfected  with  control  siRNA.  However,  In  cells  transfected  with  CHOP  siRNA,  CHOP  induction  was 
pit  jcked  and  accordingly  DR5  induction  was  substantially  inhibited  upon  exposure  to  SCH68336  (Fig. 

.  ir  ac  reement,  we  found  that  SCH66336-induced  increase  in  ceil  surface  DR5  was  also  diminished. 
Therefore,  these  results  indicate  that  CHOP  mediates  SCH66336-induced  DR5  upregulation. 

his  work  is  close  to  completion  and  is  being  summarized  in  a  manuscript  once  we  finish  all 

experiments  (Zou  et  ai,  2006). 
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Figure  3.  SGH6S336  increases  DR5  transcription  through  a  CHOP-dependent  mechanism.  The 
transfection  and  lucifsnase  assay  were  conducted  in  H1792  cells. _ _ 
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Figure  4,  SCH66336  induces 
the  expression  of  CHOP  and 
DR5  and  activates  caspases  in 
HI  792  cells. 
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Figure  5,  JNK  activation  partialiy  contributes 
to  SCH66336'induced  DR5  expression,  but 
not  CHOP  upregulation  in  human  lung 
cancer  cells. 
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Figure  6,  Silencing  CHOP  expression  by  CHOP 
siRNA  abrogates  SCH66338  (LNFMnduced  DR5 

expression  in  HI  792  ceils. 


FT  is  augment  TRAIL-induced  apoptosis.  Based  on  our  important  findings,  we  hypothesized  that 
Tis  would  be  able  to  enhance  TRAIL  (tumor  necrosis  factor-related  apoptosis-inducing  iigand)- 
:  fd  apoptosis.  Indeed,  we  found  that  both  SCHS8336  and  R1 15777,  when  combined  with  TRAIL, 

•r  ted  augmented  apoptosis-inducing  effects  in  human  lung  cancer  ceils  lines  (Fig.  7).  This  effect 
was  associated  with  DR5  upregulation  because  silencing  of  DR5  expression  attenuated  induction  of 
apoptosis  by  the  combination  of  a  FTI  and  TRAIL  (Fig.  8).  Since  a  single  agent  FT1  has  limited  activity 
n  clinical  trials,  combination  of  a  FTI  with  other  agents  may  improve  FT!s!  efficacy.  From  this  point  of 
iSvv  our  findings  may  have  immediate  translational  significance,  particularly  when  TRAIL  is  currently 
being  tested  in  phase  I  trials. 
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Psgore  7;  R1 15777  enhances  TRAiL-induced  apoptotic  ceil  death  in  human  Jung  cancer  ceils ,  A,  ceil 
aurvtva*  evaluated  by  SRB  assay;  B(  Apoptosis  evaluated  by  Annexin  V  staining;  and  G,  Caspase 

I  aotivabon  by  Western  blot  analysis*  _ _ ^ _ 
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figure  i.  SiiencinQ  of  ORS  expression  abrogates  augmented  induction  of  apoptosis  by  R1 15777  and 
•RAIL  combinafion*  Af  ORS  expression  evaluated  by  Western  blot  analysis,  8,  Apoptosis  measured  by 

Ann&xin  V  staining 


Spscihc  Aim  3:  To  evaluate  the  efficacy  of  SCH66336  as  an  inhibitor  of  growth  and  an  inducer 
of  apoptosis  in  an  orthotopic  model  of  head  and  neck  squamous  cell 

carcinoma 


nee  3CH66336  (ionafarnib)  and  other  farnesyi  transferase  inhibitors  (R1 1 5777/Tipifarnib}  failed  to 
remonstrate  either  single  agent  efficacy  in  iung  or  aerodigestive  cancers  as  a  single  agent  in  the 
:  c,  or  efficacy  in  combination  chemotherapy  in  the  front-line  treatment  of  non-small  ceil  lung  cancer 
-  J  et  al  2003),  we  thus  decided  to  change  our  future  focus  on  the  efficacy  of  the  combination  of 
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"ms  with  other  agents  such  as  PI3K  inhibitors  or  Akt  inhibitors  in  animal  models  of  lung  and 
aerocfjgestive  cancers.  We  hypothesize  that  blockage  of  Akt  activation  induced  by  FTts  can  enhance 

ihe  F7T$  arstieanoer  efficacy. 

Specific  Aim  4*  :  o  investigate  mechanisms  of  farnesyl  transferase  inhibitor-induced  apoptosis 
in  combination  with  retinoids  such  as  4-HPR  or  taxanes  such  as  docetaxel  and 
paclitaxel  in  non-small  ceii  lung  cancer  and  squamous  head  and  neck  cancer 

cell  lines 

Findings:  in  collaboration  with  Dr.  Giannakakou’s  group  at  Winship  Cancer  institute,  we  showed  that 
the  FT!  SCH66338  affected  the  microtubule  cytoskeleton  resulting  in  microtubule  bundle  formation, 
no-eased  microtubule  stabilization  and  acetylation,  and  suppression  of  microtubule  dynamics. 

Motabiy.  treatment  with  the  combination  of  low  doses  of  SCH66336  with  paclitaxel  markedly 
enhanced  tubulin  acetylation  (a  marker  of  microtubule  stability)  as  compared  with  either  drug  alone. 
This  synergistic  effect  correlated  with  FT  inhibition  and  was  accompanied  by  a  synergistic  increase  in 
mitotic  arrest  and  cell  death.  Mechanistically,  we  showed  that  the  combination  of  SCH66336  and 
paclitaxel  inhibited  the  in  vitro  deacetyiating  activity  of  the  only  known  tubulin  deacetylase,  histone 
jeaceryiase  8  (HDAC6).  In  addition,  the  SCH66336/taxane  combination  was  synergistic  only  in  cel! 
mes  expressing  the  wild-type  HDAC6,  but  not  a  catalytic-mutant  HDAC6,  revealing  that  functional 
TJAC6  is  squired  for  the  synergy  of  SCH68338  with  taxanes.  Furthermore,  tubacin,  a  specific 
HDAC6  inhibitor,  synergisticaily  enhanced  tubulin  acetylation  in  combination  with  paclitaxel,  similar  to 
the  combination  of  SCH66336  and  paclitaxel.  Taken  together,  these  data  suggest  a  relationship 
between  FT  inhibition,  HDAC6  function,  and  cell  death,  providing  insight  into  the  putative  molecular 
basis  of  the  SCH66336/taxane  synerg  istic  antiproliferative  combination. 

ln  aac^on  we  conducted  a  phase  I  study  of  farnesyl  transferase  inhibitor  (FTI)  SCH66336  with 
paclitaxel  in  solid  tumors  to  establish  the  maximum  tolerated  dose  of  ionafarnib,  a  novel 
ramesyltransferase  inhibitor,  in  combination  with  paclitaxel  in  patients  with  solid  tumors  and  to 
characterize  the  safety,  tolerability,  dose-limiting  toxicity,  and  pharmacokinetics  of  this  combination 
regimen  We  conclude  that  when  combined  with  paclitaxel,  the  recommended  dose  of  Ionafarnib  for 
-hase  ii  trials  is  100  mg  p.o.  twice  daily  with  175  mg/m2  of  paclitaxel  i.v.  every  3  weeks.  Additional 
w-tuoies  uj  ionafarnib  in  combination  regimens  appear  warranted,  particularly  in  patients  with  non-small 
cell  lung  cancer .  The  study  was  published  in  Clinical  Cancer  Research  (Khuri  et  al,  2004), 

Key  Research  Accomplishments 

*  FT|S  deluding  SCH66336  and  R11 5777  induce  growth  arrest  and  apoptosis  independent  of 
Akt  and  Raf/ERK  signaling  pathways  in  human  NSCLC  cells,  and  in  some  NSCLC  cell  lines, 
-SCH68336  and  R1 15777  instead  activate  Akt  surviving  pathways,  which  may  lead  to  FTI 

resistance. 

*  FTIs  Increase  DR5  expression  through  a  CH OP-dependent  mechanism  that  contributes  to 
SCH66336-induced  apoptosis  and  enhances  TRAIL-induced  apoptosis.  Our  findings  1) 
suggest  that  both  DR5  and  CHOP  can  be  tested  as  predictive  biomarkers  for  FTI-based 
cancer  therapy,  and  2)  warrant  the  future  clinical  testing  of  the  combination  of  a  FTI  with 
TRAIL  for  therapy  of  human  cancer  including  lung  cancer. 

*  r^s  modulate  the  expression  of  FLIP  either  by  decreasing  or  increasing  its  expression 
depending  on  cell  lines. 

*  The  functional  HDAC6  is  required  for  the  synergy  of  SCH66336  with  taxanes 
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mediated  extrinsic  apoptotic  pathway  contributes  to  famesyitransferase  inhibitor-induced  apoptosis 
in  human  lung  cancer  cells.  Oncogene  (submitted),  2006. 

Giu  Y.  Liu  X,  Yue  P,  Loniai  S,  Khuri  RK.  Sun  SY.  The  famesyitransferase  inhibitor  R1 15777 
upregulates  DR5  expression  and  enhances  TRAlL-induced  apoptosis  in  human  lung  cancer  cells, 
(Manuscript  completed  and  undergoing  review  by  Johnson  &  Johnson). 

T:>u  W,  Yue  P.  Khuri  FR,  Sun  SY.  The  famesyitransferase  Inhibitor  Lonafarnib  induces  DR5 
expression  through  a  CHOP/GADDI  53-dependent  mechanism,  (in  preparation) 

Project-generated  grants: 

Lung  Cancer  Program  Project  Grant  (P01):  ‘Targeting  cell  signaling  in  lung  cancer  to  enhance 
iherapeutic  efficacy."  PI:  Fadlo  R.  Khuri.  Duration:  04/01/06  -03/31/11. 

Conclusion 

.  ve  conclude  that  farnesyi  transferase  inhibitors  SCH66336  and  R1 15777  induce  apoptosis  by 
•  r.' easing  DR5  expression  and  TRAlL-induced  apoptosis,  independent  of  downregulating  Akt  and 
tat/ERK  pathways,  and  DR5,  c-FLIP,  and  CHOP  are  FTI-regulated  proteins,  The  synergistic  effect  of 

3CH66336  with  laxanes  required  the  functional  HDAC6. 


roject  7:  Mechanisms  and  Therapeutic  Applications  of  the  Tumor  Suppressor  Gene  FUSl  in 

Lung  Cancer 

Project  Leader:  Lin  Ji,  Ph  D..  Co-Leader:  Rajagopal  Ramesh,  Ph.D.) 

tung  cancer  is  the  leading  cause  of  cancer-related  death  in  the  world.  Tumor  suppressor  genes 
(TSGs}  play  a  major  role  in  the  pathogenesis  of  human  cancers.  Genetic  alterations  and  allelic  losses 
on  the  short  arm  of  chromosome  3  (3p)  are  the  most  frequent  and  earliest  cancer  abnormalities 
detected  in  human  lung  cancers.  The  novel  FUS1  TSG  was  one  of  the  candidate  TSGs  identified  in  a 
120-kb  homozygous-deletion  region  in  human  chromosome  3p21.3.  In  this  project,  the  overall  goat  is 
develop  non-viral  plasmid  vectors  and  liposome-mediated  therapeutic  tumor  suppressor  gene 
delivery  for  molecular  therapy  for  lung  cancer. 

Summary  of  Research  Findings: 

Specific  Mm  7.1:  To  determine  the  global  molecular  changes  and  cellular  responses  to  FUS1- 
mediated  tumor-suppressor  activities  in  human  NSCLC  cells  by  high 
throughput  gene  and  protein  expression  profiling. 

The  advanced  technologies  of  functional  genomics— DNA  microarrays  and  ProteinChip  arrays— and  a 
novel,  inducible  expression  system  are  used  to  determine  the  gene  and  protein  expression  patterns 
mediated  by  overexpression  of  FUSl  in  Ad-FUSI -transduced  NSCLC  cells  or  by  expression  of  FUS1 
■  . '  vsiafogteal  level,  i  he  specific  targets  of  FUSl  will  be  identified  by  comparison  of  the  gene  and 
:  Yoiem  expression  profiles,  and  proteins  of  interest  will  be  isolated.  Since  FUSl  is  a  newly  Identified 
ovei  3p21  3  tumor  suppressor  gene,  and  biological  function  and  molecular  mechanism  of  FUS1- 
mediated  :umor  suppressor  activities  are  unknown,  we  first  used  the  well-studied  p53  and  a  novel 
f  Hi  i  tumor  suppressor  gene  (located  at  3p14.2  region)-mediated  tumor  as  a  model  system  for  the 
development  and  validation  of  the  technology. 
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'■1.1.  Profiling  technology  development  using  Ad-FWT-transduced  NSCLC  Cells  as  a  Model 

system.  We  used  a  complementary  gene  and  protein  expression  profiling  with  DNA  microarray  and 
•-'oie  nChip  technologies  to  quantitatively  monitor  cellular  changes  in  gene  and  protein  expression 
r  d  dis ;o  "  r  the  molecular  targets  of  the  novel  FHIT  TSG  in  non-small  cell  lung  carcinoma  (NSCLC) 
ceils.  We  performed  gene  expression  profiling  analysis,  using  the  Affymetrix  HG-U133A  GeneChips, 
n  Ac  -  h  H  IT-transduced  NSCLC  HI  299  and  A549  cells,  compared  with  those  of  PBS-treated  mock  and 
empty  vector  (Ad-EV)  or  Ad-LacZ-treated  negative  controls. 

Findings;  A  comparative  analysis  of  the  gene  and  protein  expression  profiling  revealed  several 
unique  cellular  targets  and  signaling  pathways  involved  in  FHIT  tumor  suppressing  activity,  including 
significantly  down-regulated  expression  of  proteins  in  the  Ras/Rho  GTPase  super-family,  the 
yiosheieton-  and  tubulm-fonming  components,  and  the  growth  factors  and  the  up-regulated  protein 
mediators  in  cell  death  and  apoptosis  pathways  {Fig,  1  and  Fig,  2).  Our  data  demonstrated  that  the 
ompiementary  gene  and  protein  expression  technology  is  a  powerful  tool  for  generation  of 
hypothesis  and  for  identification  of  specific  cellular  targets  and  signaling  pathways  mediated  by  a 
specific  gene  product  in  a  complex  biological  network. 

,u>  ;,  we  developed  a  novel  two-  dimensional  liquid  chromatography  (2D-LC)  method  for  the 
'acfionatton  and  separation  of  crude  protein  lysates  and  for  protein  profiling  and  identification  using  a 
DrotemChip  Array-based  surface  enhanced  laser  deposition/ionization  time  of  flight  mass 
ipectromeftry  (SELDI-TOF-MS).  For  the  1  D-LC,  cell  lysates  were  fractionated  based  on  the  pi  values 
uf  proteins  by  FPLC  with  a  chroma  focusing  Mono-P  column.  The  pl-fractionated  samples  were  either 
,  applied  protein  profiling  on  CMIOand  Q10  ProteinChip  arrays  by  SELDI-MS  or  subjected  to 
■he  2  D-LC,  using  a  Non-porus  reverse  phase  (NP-RP)  column  by  HPLC.  for  further  protein 
separation  and  identification. 


Figure  i  Analysis  of  expression  profiling  data  on  Affymetrix  HG-U133A  GenaChfe  in  Ad-FHIT  and  Ad-p53-transducad  H129S 
XimparstS  to  PSS.  Ad-EV-treated  controls.  A.  Hierachical  clustering  analysis  of  differential  expressed  genes  in  Ad-Fhit- 
:  ransduced  vs  Ad-SV-treatea  cells.  Note  the  Ad-p53  and  Ad-FHIT-transduced  cells  clustering  together  but  having  unique 
positions.  Scattered  blots  for  -dentificatjon  of  genes  overexpressed  and  underexpressed  in  Ad-FH!T-transduced  HI  2§9  ceils  vs 
Ad-EV-treated  cells  (B),  and  Ad-EV-traated  to,  PBS  controls  (C), 
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■  Hgum  2.  laantificaiion  of  c  feremialiy  expressed  proteins  in  Ad-FH/Rranstfuced  HI 299  cells.  A.  Protein  profiles  of 
:  ad  protein  lysates  (by  pi  gradient,  on  micro-anion  exchange  column).  The  upper  two  panels  show  3  portion  of  the  mass 

i  *Pra<^  ^  Ad-EV  and  Ad-FH#T-tneatad  ceils,  respectively;  the  lower  panes  show  the  quantification  of  fold  changes  in  protein 
!  ^K^ras5ion  or  '>'■#  mtensity  of  mass  peaks.  B.  The  duster  and  statistical  analysis  of  protein  expression  of  individual 
=  P^i^ns  %monq  repeated  treatment  groups.  The  position  of  the  box  indicates  the  abundance  of  the  protein,  the  width  indicates 
rue  mn§B  of  different  a*  expression,  and  the  error  bars  indicate  the  standard  -deviation  of  the  expression  lev&i  among  the 
samples,  0.  identification  of  proteins  differentially  expressed  in  Ad-FMRransduoed  cells  compared  to  PBS  and  Ad-BMreaied 
j  control 


1  2  Gene  and  Protein  Expression  Profiling  in  FUS1  expressing  NSCLC  Cells.  We  used  DMA 
nicroarrays  and  ProteinChip  arrays  and  an  rnducibie-FUSI  expression  system  to  determine  the  gene 
uf oiem  expression  patterns  mediated  by  induction  of  FUSl  in  NSCLC  cells  at  either  a  therapeutic 
~  physiological  ievel.  For  this  purpose,  we  have  established  FUS1 -stable  transfectants  of  NSCLC  ceil 
Mnes,  which  allow  us  to  measure  gene  and  protein  expression  changes  mediated  by  FUS1  expression 
under  physiological  condition. 

findings:  ;  ie  specific  targets  of  FUS1  were  identified  by  comparison  of  the  gene  and  protein 
expression  profiles,  and  proteins  of  interest  were  isolated.  From  protein  expression  profiles,  we  have 
•ser.  able  to  detect  more  than  50  protein  peaks  that  represent  the  differentially  expressed  protein 
species  in  response  to  the  activation  of  FUS1  protein  in  these  lung  cancer  cells.  Some  examples  of 

Drawn  profiles  are  shown  in  Figure  3. 

.  .t  also  performed  gene  expression  profiling  simultaneously  on  RNA  samples  prepared  from 
•  same  inducible  FUSl -expression  NSCLC  cells  as  used  for  protein  profiling.  We  used  new  Illumina 
. L': ec  cl  Chips  (Illumina  Inc.,  San  Diego)  for  whole-genome  expression  profiling  of  multiple 
samples  on  a  single  chip.  The  Illumina  Bead  Chip  holds  six  whole-genome  human  samples  on  one 
-  vp.  interrogating  approximately  48,000  transcripts  in  each  sample  from  the  estimated  30,000  genes 
'! ifc  human  genome.  Expression  of  about  21 0  genes  was  found  to  be  significantly  modulated  by  the 
iCiivaiion  of  FUSl  in  these  FUS1 -deficient  NSCLC  ceils.  We  are  now  in  a  process  to  systematically 
a  yze  these  FUSl -targeted  cellular  proteins  and  genes  using  an  integrated  bioinformatics  tools  and 
biological  pathway  finding  software  to  elucidate  the  FUSl -activated  biological  pathways. 
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Figurts  3,  Diffare? itial  protein  expression  in  MSCLC  H128S  ceils  upon  induction  of  wild-type  FUSI  (wt-FUSI )  by  comparison  with 
•dose  un-inducetj  or  functional  deflect  rrsutarrf  FUSI  (mt-FUSI )  expressing  control  ceils. 


Specific  Aim  7.2;  To  elucidate  the  molecular  mechanism  of  FUS1  in  lung  cancer  pathogenesis 
by  determining  the  expression  and  subcellular  localization  of  the  FUS1 
protein  in  human  normal  lung  tissue  and  tumor  samples  at  various  stages  of 

development. 


'.2.1.  Inactivation  of  FUS1  in  Human  Lung  Cancer  Ceils  and  Primary  Tumors.  We  proposed  to 
At-  Doth  conventional  tissue  sections  and  available  tissue  arrays  to  examine  the  FUSI  expression 
and  cellular  localization  by  immunohistochemicai  analysis  with  antl-FUSI  antibodies, 
f  indings:  In  our  preliminary  studies,  we  examined  40  primary  lung  cancers  and  found  that  mutation 
A  the  FUSl  gene  was  infrequent  and  there  were  only  a  few  nonsense  mutations  and  a  C-terminal 
■  etion  mutation  that  arose  from  aberrant  mRNA  splicing.  In  addition,  we  found  no  evidence  for 
■'US'!  promoter  region  methylation.  FUSl  expression  has  been  detected  in  various  normal  human 
■issues,  including  brain,  heart,  pancreas,  prostate,  kidney,  and  lung,  based  on  quantifying  Expressed 
■sequence  Tags  (ESTs)  in  Unigene  dusters,  as  summarized  in  GeneCards.  Although  endogenous 
-  s'  expression  could  be  detected  in  normal  human  bronchial  epithelial  ceils  and  fibroblast  ceils  (Wl- 
a  1  by  immunoblot  analysis,  and  FUSl  mRNA  transcription  could  be  seen  on  Northern  blots  of  RNAs 
prepared  from  lung  cancer  cell  lines,  we  could  not  detect  endogenous  Fusi  protein  in  these  lung 
cancer  call  lines  on  immunobJots  using  the  affinity-purified,  anti-FusI  peptide  antibodies  developed. 

Furthermore,  we  performed  imunohistochemicai  staining  on  a  set  of  paired  normal  lung  and  lung 
cancer  tissue  sections.  We  found  that  normal  iung  epithelial  cells  express  Fusi ,  but  many  lung 
cancer  cells  (15  out  of  20,  >70%)  did  not.  We  also  found  that  even  in  those  tumor  samples  with  FUS1- 
postive  staining,  the  staining  was  not  uniformly  detectable  in  all  tumor  cells.  Based  on  both  the  lung 
cancer  growth-suppressing  properties  of  the  Fusi  protein  in  vitro  and  in  animal  models  and  the 
observed  loss  of  protein  expression  in  primary  tumors  and  tumor-derived  cell  lines,  we  hypothesized 

Pag«§j§ 


-Army  Award  DAMD17-02- 1-0706;  Principal  investigator:  Waurt  Ki  Hong,  M.D. 
nal  Report:  Reporting  Period  01  September  2002  -  30  August  2006 


30  September  2006 


•Tat  FUS1  would  have  to  act  as  a  TSG  in  a  haploid  sufficient  manner  (since  most  primary  lung 
cancers  experienced  allelic  loss  in  this  3p21.3  region),  and  that  both  loss  of  expression  and  deficient 
posttranslatlona i  modification  of  Fusl  protein  might  lead  to  loss  of  its  tumor  suppression  function  and 

iung  cancer  development , 


since  mutation  of  FUS1  is  infrequent  and  no  evidence  has  been  found  for  methylation  or  mutation  of 
:  u?  FUS1  promoter  region  in  lung  cancers,  other  factors  such  as  haploid  sufficiency,  low  expression, 
abnormal  products  arising  from  aberrant  mRNA  splicing,  and  posttransiational  modification  of  Fusl 
may  play  important  roles  in  lung  tumorigenesis.  We  used  ACPA  analysis  with  SELD1-TOF-MS  to 
evaluate  the  protein  expression  and  myristoylation  status  in  primary  lung  tumor  and  uninvolved 
normal  lung  tissue  samples.  Molecular  analysis  of  tumors  and  their  precursor  lesions  requires  the 
Isolation  of  specific  cell  subpopulations  (normal,  preneoplastic,  and  tumors)  from  a  composite 
background  of  multiple  ceil  types  in  tumor-tissue  biopsies.  This  was  accomplished  with  laser- 
captured  microaissection  (LCM)  technology.  To  evaluate  Fusl  protein  expression  and 
posttransiational  modifications  in  human  lung  tumors  and  noninvoived  tissues,  we  used  LCM 
combined  with  appropriate  tissue-preparation  methods  to  separate  and  enrich  tumor  or  noninvoived 
normal  ceils,  and  the  resulting  separated  cell  populations  (about  500  - 1000  cells)  were  used  for  the 
Fusl -specific  ACPA  analysis  by  SELDI-TOF-MS.  We  found  that  only  myristoylated  protein  species 
:  o  ,'c  be  detected  in  normal  cells  (13  out  of  15,  P  =  0.0003  by  a  Nonparametric  2x2  contingency  table, 
McNemar  Chi-square  test),  but  both  the  unmyristoyiated  and  myristoylated  Fusl  protein  were 
detected  in  tumor  cels  (5  out  of  15  samples,  P  =  0.0442)  as  indicated  by  the  precise  mass  of  Fusl 
orotein  on  the  mass  spectra.  The  mixed  status  of  Fusl  protein  in  the  tumor  cells  may  be  a  reflection 
of  the  tumor-cell  molecular  heterogeneity.  In  some  tumor  samples  (7  out  of  1 5  samples,  P  =  0.0030), 
either  form  of  Fusl  proteins  could  be  captured,  consistent  with  the  immunohistochemical  analysis  in 
these  tumor  and  normal  tissue  samples,  The  remaining  three  samples  tested  were  un-resoivable  due 
*o  the  ambiguous  spectra  (spectra  not  shown).  The  difference  in  the  observed  Fusl  protein 
Ttyristoylaiion  status  between  the  normal  and  the  tumor  cell  populations  is  significant  as  indicated  by 
■  Nonparametric  McNemar  Marginal  Homogeneity  test  for  the  equality  of  categorical  responses  from 
two  paired  and  dependent  populations  (P  <  0.001)  (Fig.  4). 


Figure  4,  Detection 
of  status  Fusl 
protein  expression 
and  posttransiational 
modification  in  LCM 
-enriched  human 
primes  lung  tumor 
(T)  and  adjacent 
noninvoived  normal 
(N)  calls  by  AC AP 
with  SEtDI  -TOF 
“Mass  Spectro¬ 
metry.  The 
myristoylated  Fusl 
proteins  specifically 
and  precisely 
detected  as  &  peak 
with  m ass  of  121*4 
Da  and  the 
unmyristoyiated 
Fusl  with  a  mass  of 
12024  Da. 


IZ4S4  lilac  til  53 


1*104  13454  U3W 


Um  13300 


i*10C  12 1M  13340 


6 

H 

A 

Page  57 


■■any  Award  DAMD17-Q2-1-Q706;  Principal  Investigator:  Waun  Ki  Hong,  M.O. 
• r  ;V  Pspori:  Reporting  Period  01  September  2002  -  30  August  2006“ 


30  September  2006 


-  analyzed  FUS1  protein  expression  on  a  tissue  microarray  in  primary  iung  cancer  samples  in  stage 
’  NSCLC  patients  (Fig.  5).  We  found  that  about  45%  of  these  iung  tumors  showed  a  complete  loss  of 
FUS1  expression,  52%  exhibited  a  marginal  iow  level  expression,  and  only  2  of  83  tumors  showed  a 
normal  level  of  FUS1  expression.  These  results  suggest  a  role  of  FUS1  as  a  potential  tumor 
suppressor  and  in  iung  cancer  development  due  to  the  inactivation  of  FUS1  in  primary  lung  cancer 
Dossibiy  by  a  mechanism  of  haploid  sufficiency  in  human  chromosome  3p2l.3  region. 


Fust  SHC  Intensity  Mean  Fusl  IHC  Intensity 

Figure  5.  FU$1  IHC  Staining  from  the  Tissue  Microarray  in  Stage  I  NSCL  Patients  (n  =  83).  The  scale  is  0-2  with  2 
me  most  intense  staining,  it  is  interesting  that  about  half  the  patients  show  no  staining.  For  comparison  we  need  to 
Know  the  level  of  expression  in  normal  tissues.  This  is  tie  first  large  series  for  FUS1  IHC. 


2.2,  Study  of  Molecular  Mechanism  of  FUS1  Tumor  Suppressing  Function 

Findings: 

a*  Posttransfational  Myristoyiation  of  FUS1  protein  is  required  for  its  tumor  suppressing 

function:  To  study  the  molecular  mechanisms  of  FUS1  tumor  suppressing  activities,  we  used  a 
bELDI-Mass  spectrometry  analysis  on  an  anti-FusI -antibody-capture  ProteinChip  array  and  identified 
wild-type  Fusl  as  an  N-myristoyiated  protein.  Loss  of  expression  or  a  defect  of  myristoyiation  of  the 
^”us1  protein  was  observed  in  human  primary  lung  cancer  and  cancer  cell  lines.  A  myristoylation- 
leficieni  mutant  of  the  Fusl  protein  abrogated  its  ability  to  inhibit  tumor  cell-induced  clonogenicity  in 
.•:uo.  i©  indues  apoptosis  in  lung  tumor  cells,  and  to  suppress  the  growth  of  tumor  xenografts  and  Sung 
n  .etastases  in  viv o,  and  rendered  it  susceptible  to  rapid  protease me-dependent  degradation,  Our 
■  isuits  show  that  myristoyiation  is  required  for  Fusl -mediated  tumor-suppressing  activity,  and  suggest 
nove  mechanism  for  the  inactivation  ofTSGs  in  lung  cancer  and  a  role  for  deficient 
Dosursnslatioriat  modification  in  TSG~medsated  carcinogenesis.  Detailed  findings  were  published  in 
Cancer  Research  (Uno  et  al,  2004), 
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i  J  Interaction  of  FUS1  and  Apaf-1  proteins  plays  an  important  rote  in  Apaf-1 -mediated 

mitochondrial  apoptosis  pathway:  We  have  previously  demonstrated  that  restoration  of  the  wild- 
.  *•'*.*  i'vvt.-FUSl  by  recombinant  adenoviral  vector-  or  DOTAP-choiesteroi  (DC)-nanoparticle-mediated 
gene  transfer  in  3p21 ,3-deficient  non-small  cell  lung  carcinoma  (NSCLC)  cells  significantly 
suppressed  tumor  cell  growth  by  induction  of  apoptosis  and  alteration  of  cell  cycle  kinetics  in  vitro  and 
m  vivo  However,  the  molecular  mechanism  and  signaling  pathway  involved  in  the  FUSl -mediated 
apoptosis  remained  largely  unknown.  In  this  study,  we  aimed  to  identify  the  potential  cellular  targets  of 
FUSl  protein  to  have  an  insight  into  the  mechanism  of  FUSl  function.  We  have  found  that  FUSl 
protein  directly  interacts  with  the  apoptotic  protease-activating  factor  1  (Apaf-1)  and  functions  as  a  key 
mediator  in  Apaf-1 -mediated  apoptosis  signaling  pathway.  Apaf-1  protein  expression  is  universally 
detected  in  various  lung  cancer  cell  lines  but  most  of  them  lack  FUSl  protein  expression.  Activation  of 
wt-FUSI  protein  in 
FUSl -deficient  cancer 
cells  recruits  cytoplasmic 
Apaf-i  proteins  to  the 
critical  mitochondria  and 
pennudear  membranes 
for  apoptasome 
assembly  and  apoptosis 
induction,  The  apaf-1 
protein  appeared  to  be 
inactive  in  the  FUS1- 
deficient  tumor  cells  as 
demonstrated  by  the  lack 
of  the  ATPase  activity 
that  is  essential  for  the 
formation  of  the  Apafl- 
apoptosome  and  the 
activation  of  caspase-9. 

Induced  or  enforced 
expression  of  the 
endogenous  or  the 
exogenous  FUSl 
proteins  activates  Apaf-1 
by  induction  of  its 
ATPase  activity  in  situ 
through  FUSI-Apafl 
protein  interaction, 
triggers  release  of 

Cytochrome  C,  activates  caspases  9  and  2,  and  induces  apoptosis.  These  findings  are  summarized  in 
figure  6  and  detailed  in  a  manuscript  submitted  for  publication  in  Nature  (pending  revision). 

Specific  Aim  7.3:  To  quantitatively  evaluate  interactions  of  the  FUSl  gene  with  other  3p21.3 
TSGs  for  their  tumor-suppressing  activities  in  vitro  and  in  vivo. 

7.3.1 .  Synergistic  inhibition  of  NSCLC  growth  by  co-treatment  with  FUSl  -  and  p53- 
nanoparticles.  We  noticed  that  the  tumor  suppression  function  of  FUSl  as  well  as  several  other 
potential  3p21  3  TSGs  were  directly  or  indirectly  dependent  of  p53  activity  (Nishizaki  et  ai,  2004).  In 
this  study,  we  evaluated  the  combined  effects  of  FUSl  and  p53  on  tumor  cell  growth  and  apoptosis 
induction  in  NSCLC  cells  co-transfected  with  FUSl  -  and  p53-nanoparticies  and  explored  molecular 
mechanisms  of  their  mutual  actions  in  vitro. 


FUSl -deficient  FUSl -activated 

Cancer  Cell  Cancer  Cell 


FUSl 

ATP 


Inactive  Apaf-1  Activated  Apaf-1 

Figure  6.  FUSl -mediated  activation  of  Apafl -mediated  apoptotic  pathway  in  human 
lung  cancer.  Loss  of  FUSl  protein  expression  and/or  deficiency  of  posttrahslational 
myristoyl  modification  of  FUSl  proteins  were  found  In  a  majority  (>?0%)  of  human  primary 
Sung  tumor  and  tumor-derived  ceti  lines.  Apafl  were  urwersatfy  detected  in  almost  ay  lung 
cancer  ceil  lines  tested  but  were  spatially  and  temporally  inactive  due  to  lack  of  the  essential 
ATPase  activity.  Reactivation  of  FUSl  in  FUSl  deficient  tumor  cells,  recrutfs  Apafl  to  a 
crucial  mitochondrial  or  ER  and  peri-nuclear  membrane  subceliulocatiGns,  triggers  cylo  C 
release,  and  activate  Apafl  in  shu  through  a  direct  protein -protein  interaction,  and,  therefore, 
facilitates  Apafl -mediated  epoptosome  assembly  and  activation  of  caspase  cascades  am 
apoptosis* 
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-  <  ridings;  We  found  that  coexpression  of  p53  and  wild-type  Fusl  (wt-FusI),  but  not  its  NH2- 
Tiyfistoytatfon  site  mutant  (mut-FusI),  synergist! caily  inhibited  ceil  proliferation  and  induced  apoptosis 
■  numan  NSCLC  cells.  We  also  found  that  the  combination  expression  of  wt-FusI  and  p53  enhanced 
sensitivities  of  NSCLC  celts  to  g-radiation  and  cisplatin  treatment  (Fig.  7),  Furthermore,  we  found 
.  at  the  synergistic  tumor  suppression  by  Fusl  and  p53  is  implicated  in  Fusl -mediated  augmentation 
APAF-1  expression,  accumulation  of  p53  protein,  and  inactivation  of  MDM2  in  NSCLC  cells,  Our 
e suits  therefore  revealed  a  novel  molecular  mechanism  involving  Fust-mediated  tumor  suppression 
motion  and  its  interaction  with  other  cellular  components  in  the  pathways  regulating  p53  activity.  Our 
‘ showed  that  gene  therapy  by  synergistic  tumor  suppressors  such  as  Fusl  and  p53  in 
cmpination  with  chemotherapy  or  radiotherapy  may  be  an  effective  therapeutic  strategy  for  NSCLC 
and  other  cancers. 


A.  Cell  Growth 
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Figure  7.  Effects  of  co-expression  of  FUS1  and  p53  on  tumor  cell  growth  and  apoptosis  in  NSCLC  HI 299 

and  M32 i  cells.  H1299  {FU8i  and  p53-nun)  and  H322  (FUSI-nun  and  p53-mutant)  ceils  were  co-irar>$fected 
with  FUS5  and  p53  plasmid  DMAs  for  48  h.  Cell  viability  was  determined  by  a  XTT  assay  and  apoptosis  by 
■'"UNEL -staining  with  FACS,  respectively.  mt-FUSI,  dysfunctional  mutant  of  wt-FUSI. 


“.3  2.  Co-expression  of  FUS1  and  p53  by  nanoparticle-mediated  gene  transfer  and  treatment 
ith  cisplatin  enhanced  chemotherapeutic  efficacy  in  NSCLC  cells.  Chemotherapy  that  is  given 
sequentially  or  concurrently  with  external  radiation  therapy  has  emerged  as  a  standard  for  the 
eatmenf  of  locally  advanced  NSCLC.  However,  no  information  is  available  on  the  interaction  of 
■  US’  gene  transfer  with  chemotherapy  or  radiotherapy  for  their  anti-tumor  functions  in  lung  cancer. 
■A:e  have  evaluated  the  combined  effects  of  over-expressed  FUS1,  or  FUS1  plus  p53,  with  DNA- 
••  imaging  agents  cisplatin  (CDDP)  and  H-radiation  on  anti-tumor  activities  in  human  NSCLC  ceils  and 
-xpiored  molecular  mechanisms  of  their  mutual  actions  in  vitro. 


Findings:  We  ;ound  that  enforced  expression  of  FUS1,  or  FUS1  plus  p53,  enhanced  the  sensitivities 
of  NSCLC  cells  to  these  DNA-damaging  agents,  and  that  coexpression  of  p53  with  wild  type  FUS1 
(wt-FUSt ),  but  not  its  dysfunctional  myristoytation-deficient  mutant  (mut-FUSI ),  significantly 
-n  ha  need  sensitivities  of  NSCLC  cells  to  treatment  with  CDDF  or  radiation.  Moreover,  we  found  that 
he  observed  enhancement  of  chemosensitivity  and  radiosensitivity  by  FUS1,  or  FUSl  plus  p53,  is 
associated  with  FUS1 -mediated  down-regulation  of  Mdm2  expression  and  the  resultant  accumulation 
h  o53  protein,  as  well  as  the  up-regulation  of  Apaf-1  expression  in  NSCLC  cells. 
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Specific  Aim  7.4:  To  determine  the  dose-limiting  toxicity  and  biodistribution  of  the  FUS1- 
Itpoplex  in  a  murine  model  and  in  a  non-human  primate  model  and  to 
evaluate  the  therapeutic  effect  of  the  FUSl -lipoplex  in  local,  solid  tumors 
and  experimental  metastatic  lung  tumors. 

■4. i  Construction  of  plasmid  DNA  expression  vector.  We  have  recently  developed  a  plasmid 
ANA  expression  vector  system  lor  expressing  high  levels  of  transgene  in  human  cells.  This  vector 
. .  sis .  n  consists  of  a  mammalian  gene-expression  cassette  driven  by  a  CMV  minimum  promoter  with 
an  El  enhancer  at  the  3’  end  and  a  BGH-poly  A  signal  sequence  at  the  5'  end  to  ensure  the  efficient 
expression  of  the  transgene  in  vivo.  The  kanamycin-reslstance  gene  was  chosen  as  the  selectable 
marker  to  avoid  development  of  antibiotic-resistance  in  patients.  A  minimum  pMBI  origin  of  replication 
ii  i  ■  sequence  is  used  to  drive  high-copy  replication  and  production  of  the  plasmid  in  the  bacterial 
'ost  strain  DH5a  The  plasmid  backbone  is  minimal  to  ensure  a  higher  yield  of  plasmid  DNA 
production  and  a  higher  concentration  of  recombinant  plasmid  DNA  per  plasmid  DNA  preparation,  in 
the  present  proposal  we  intend  to  use  this  plasmid  DNA  vector  (pLJ  143/KGB)  to  evaluate  the  toxicity 
and  therapeutic  efficacy  of  3p21.3  genes.  Production  and  purification  of  the  plasmid  DNA  was  carried 
out  using  standard  published  techniques. 

findings:  Using  this  plasmid  vector  we  assessed  the  expression  of  FUS1  in  vitro  in  human  lung 
tumor  celts  (HI 299).  The  expression  of  the  FUS1  protein  in  lung  tumor  cells  was  confirmed  by 
western  blot  assay  after  transfection  with  DOTAP:choiesteroi  (DOTAPrChol)  liposome.  Transfection  of 
neiis  with  lipoplex  resulted  in  a  strong  FUS1  specific  band  (14.3  kD),  whereas  mock  transfection  with 
pB$  resulted  in  undetectable  FUSl  protein  expression.  FUS1  protein  expression  was  observed  at  24 
■c  4c  nr  -s  after  transfection.  These  results  demonstrated  that  the  plasmid  DNA  vector  is  efficient  in 
expressing  the  transgene. 

4.2.  Suppression  of  Tumor  Growth  by  fntratumoral  Delivery  of  FUSl -lipoplex.  To  test  whether 
delivery  of  TSGs  (FUSl,  and  p53)  complexed  to  DGTAP:Cho!-iiposome  (FUSl -lipoplex)  resulted  in 
•inter  suppression  in  vivo,  preliminary  therapeutic  studies  were  conducted.  Human  lung  cancer 
e-nografts  were  established  in  nude  mice  by  inoculating  HI 299  tumor  cells  subcutaneously  into  the 

dorsal  flanks  of  nude  mice. 

t  hidings:  In  comparison  with  treatments  with  PBS  or  DOTAP:Choi-CAT  complex,  treatment  with 
DOT AP:Cbof~FUS1  complex  significantly  suppressed  growth  of  H129S  tumors  (P  <0.01).  Most  PBS  or 
•C  T  AP  Choi-CAT  complex  treated  tumor-bearing  mice  were  euthanized  by  day  25  because  their 
jmcrs  were  necrotic  or  had  exceeded  1 .5  cm  in  diameter.  The  growth  of  the  tumors  treated  with 
OTAPrChoFFUSI  complex  was  well  suppressed  until  day  25  on  the  average,  after  which  they  began 
■  regrow  gradually.  Immunohistochemical  analysis  of  tumors  by  TUNEl  staining  2  days  after  the  last 
■section  of  DOTA.P:Chol-FUS1  revealed  tumor  cell  apoptosis  (Figure.  8).  No  significant  induction  of 
pooiosis  was  observed  in  control  tumors.  Furthermore,  no  observable  side  effects  were  found  in  the 
nice  ireated  with  DOTAP:Chol-FUS1  complex  (data  not  shown),  suggesting  that  such  treatment  was 
well  tolerated. 
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Figure  8;  Inhibition  of  subcutaneous  lung  tumor  xenografts  by  FUSt.  Subcutanous  lung  tumor 
xenografts  were  established  by  injecting  H129S  and  A549  tumor  ceils  in  nude  mice.  Animals 
were  randomly  divided  into  groups  (n=10(group)  and  treated  with  FUS1  plasmid,  DOTAP:Chol- 
CAT  comoiex.  or  DOT AP:Chol-FUS1  Comdex. 

S^rsce  '.he  main  aim  of  the  present  proposal  is  to  develop  and  deliver  therapeutic  genes  via  the 
.wstsmic  route,  we  tested  the  therapeutic  effect  of  FUS1  gene  on  experimental  iung  metastasis  and 
-.nirnai  survive'  Preliminary  studies  were  conducted  in  a  nude  mouse  mode!  bearing  experimental 
A549  lung  metastasis.  Treatment  with  DOTAP:Cho!-FUS1  resulted  in  a  significant  inhibition  (  P  = 

0.01)  of  tumor  metastasis  as  indicated  by  the  reduction  in  number  of  tumor  nodules  in  the  lungs. 
Animals  treated  with  PBS,  DOTAP:Chol. liposome  alone,  plasmid  DNA  alone,  and  DOTAP:Chol-CAT 
omplex  served  as  controls  in  these  experiments.  Correlating  with  these  observations  was  the 
prolonged  survival  of  lung  tumor  bearing  animals  (mean  =  80  days;  P  -  0.01 )  treated  with 
DOTAP:Cho!-FUS1  complex  (Fig.  8)  compared  to  animals  treated  with  PBS  (mean  =47.8  days), 
heated  with  DOTAP:Chol.  liposome  (mean=  47,2  days),  treated  plasmid  DNA  (mean  =  51,8  days), 
and  treated  with  DOTAP  Chol-CAT  complex  {mean  =  47.8  days).  These  preliminary  results  indicate 
ihe  tumor  suppressive  function  of  FUS1  gene.  Similarly,  intravenous  treatment  subcutaneous  HI  299 
tumor  bearing  nude  mice  with  PEi-p53  complex  demonstrated  significant  tumor  suppression 

. pared  to  control  animals  that  were  treated  with  PBS,  and  treated  with  PEi-b  gal  complex.  These 

e suits  demonstrate  the  feasibility  of  using  these  vectors  for  systemic  therapy.  However,  further 
analyses  are  warranted,  using  other  xenograft  models  as  well  as  toxicity  studies,  prior  to  testing  these 
.  ectors  and  genes  in  the  clinic. 

v.4.3.  Intratumoral  injection  of  FUSI-lipoplex  induces  apoptosis  of  human  xenograft  tumor.  We 

-sted  the  tumor  suppressor  function  of  FU31  gene  in  vivo  by  direct  intra tumoral  injection  of 

DOTAP: Chol-Ft/St  complex. 

bindings:  treatment  of  subcutaneous  lung  tumor  xenograft  (H1299  and  A549)  for  a  total  of  six  doses 
min  DOTAP  Chol-FUS?  complex  resulted  in  a  significant  suppression  of  tumor  growth  (P  =  0.005  for 
i :  299.  and  P  -  0.01  for  A549)  compared  to  control  animals  that  were  treated  with  FUS1  plasmid 
DNA,  and  treated  with  DOTAP:Chol -CAT  complex  (Figure  9)  That  the  tumor  inhibition  was  due  to 
FuS  protein  expression  was  demonstrated  by  i m m unohistochemical  analysis.  FUS1  protein 
expression  was  detected  In  the  subcutaneous  tumor  tissues  primarily  localized  to  the  cytoplasm  as 
observed  in  vitro  (data  not  shown).  Expression  was  primarily  observed  in  the  tumor  cells.  However, 
expression  in  other  cells  intermixed  with  tumor  ceils  was  also  observed.  The  subtype  of  cells  staining 
positive  for  FUS1  in  the  tumor  was  not  determined.  Furthermore,  tumors  treated  with  DOTAP:Chol- 
F'JS  *  complex  underwent  significant  apoptotlc  cell  death  as  evidenced  by  TUNEL  staining,  compared 
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to  tumors  from  those  animals  that  were  treated  with  plasmid  DNA  or  DOTAP:Chot-CAT  complex,  (Fig. 
:v:  induction  of  apoptotic  ceil  death  was  observed  in  both  H1299  and  A549  tumors. 
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Figure  9:  Induction  of  apoptosis  in  subcutaneous  tumors  treated  with  DOTAP:Chol-FUS1. 

Subcutanous  Sung  tumor  xenografts  after  treatment  were  then  subjected  to  TUNEL  staining. 

'  4.4  intravenous  injection  of  DOTAP:Chol-Fl/Sf  complex  inhibits  experimental  lung 

metastasis.  To  test  the  tumor  suppressor  activity  of  FUS1  on  experimental  lung  metasiases,  lung 
tumors  were  established  by  injecting  A549  tumor  cells  via  tail  vein. 

Findings:  intravenous  treatments  of  these  lung  tumor-bearing  animals  with  DOTAP:Chol-Fl/Sf 
complex  resulted  in  a  significant  inhibition  (P  =  0.001  )  of  lung  metastases  compared  to  control 
cnimals  that  were  treated  with  PBS,  treated  with  FUS1  plasmid  DNA,  treated  with  liposome  alone, 

.  treated  with  DGTAP:Chol.-CAT complex  (Fig. 10).  Animals  treated  with  DOTAP:Chol~CAT 
’ample*  demonstrated  some  tumor  inhibition.  The  ability  of  DOTAP:Choi-CAT complex  treatments  to 
lemonstrate  some  antitumor  activity  is  not  surprising  and  is  attributed  to  non-specific  antitumor 
activity.  However,  tumor  inhibition  was  not  significant  compared  to  animals  treated  with  PBS,  treated 
with  FUS1  plasmid  DNA  and  treated  with  liposome.  These  results  show  that  the  therapeuiic  effect 
observed  in  lung  tumor-bearing  animals  when  treated  with  DOTAP:Chol-wtFOS  1  is  specific  to  wt 
FUS1  , - - - - 
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Figure  10:  DOTAP:Cliof*FUS1  complex  inhibits  experimental  lung  metastasis. 

Experimental  lung  metastasis  was  established  in  nude  mice  by  injecting  AS49  tumor 
ceils  via  tail  vein.  Animals  were  treated  daily  for  a  total  of  six  doses.  Three  weeks  after 
the  last  treatment,  lungs  were  harvested  and  examined  under  a  stereomicroscope  and 
the  number  of  tumor  nodules  counted. 
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4.5.  intravenous  treatment  ©f  lung  tumor  bearing  animals  with  DOTAP:Chol-R/Sf  complex 
prolongs  animal  survival.  We  next  evaluated  the  effect  of  DOTAP:ChoJ-RJS1  treatments  on  animal 

survival. 


Endings:  Treatment  of  experimental  A549  lung  tumor  bearing  animals  with  DOTAP:Chol-FUSf 
complex  resulted  in  a  significant  (P  =  0,01}  and  prolonged  survival  (mean  survival  time  =  80  days) 
Fig  1 1 ),  in  contrast,  no  significant  survival  was  observed  of  animals  that  were  treated  with  PBS 
mean  =  47.8),  treated  with  FUS1  plasmid  (mean  =  51.6},  treated  with  liposome  (mean  =  47,2),  and 
~  ‘  with  DQTAP:Chol-CAT  complex  (mean  *  47.8),  Furthermore,  histopathoiogical  analysis  of 

various  organs  demonstrated  no  significant  treatment-related  toxicity. 


From  the  results  of  our  preclinicai  studies  it  is  evident  that  FUS1  functions  as  an  effective  tumor 
suppressor  gene  which  when  delivered  intratumoraiiy  or  intravenously  effectively  inhibits  primary  and 
disseminated  iung  tumor  growth.  These  exciting  results  indicate  the  feasibility  of  using  FUS1 
camplexed  with  DOT AP:Cho!-liposome  for  treatment  of  lung  cancer  in  the  clinic. 
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Figure  11:  Treatment  with  DOTAP:Chol-FUS1  complex  increases  animal  survival.  Experimental 
lung  metastasis  was  established  in  nude  mice  by  Injecting  A549  tumor  cells  and  treated 
accordingly.  Following  the  last  treatment  animals  were  monitored  daily  for  morbidity  and  mortality, 
Survival  was  estimated  by  using  the  Kaplan-Meler  and  Witcoxon  staned-rank  tests. 


/  4,6,  Toxicity  Study  of  Injected  FUSI-Lipoplex,  On  the  basis  of  results  from  recent  studies 
;  Templeton  and  Roberts  et  at,  1997;  Templeton  and  Lasic  et  at,  1997)  that  have  described  efficient 
oyster-  re  delivery  using  a  DOTAP: cholesterol  lipid  formulation,  we  conducted  preliminary  studies  and 

•  ave  remonstrated  the  feasibility  of  in  vivo  gene  delivery  via  systemic  routes.  Although  the 

:  nerapeutic  efficacy  was  demonstrated  in  nude  mouse  model,  the  toxicity  of  the  DNA-iiposome 
mpiex  that  is  relevant  to  determine  the  dose-limiting  toxicity  was  not  tested.  For  this  purpose,  we 
i  t?  nitrated  toxicity  studies  in  mice  (C3H)  and  in  non-human  primate  (Cynomoigus  monkeys; 
Macaca  fascicularis).  in  this  study  a  dose-related  toxicity  was  studied  at  the  M.D,  Anderson  Veterinary 

•  acsi  ty  in  3as trop  TX.  The  toxicology  studies  are  being  carried  out  under  conditions  regulated  by  the 

J  ’•  •  i  ~*S-  Liposomes  (20  mM  DOTAP:cholesterol)  were  synthesized  as  described  and  mixed 
"  '  plasmid  DNA.  A  single  50  mg  dose  of  lipoplex  was  intravenously  injected  into 

immunocompetent  female  C3H  mice  via  the  tail  vein,  and  mice  were  monitored  for  toxicity,  as 
determined  by  mortality  and  morbidity  rates.  Animals  were  also  evaluated  for  liver  enzyme  profiles  24 
and  48  hours  after  injection., 


Findings:  Preliminary  results  showed  no  signs  of  toxicity  as  none  of  the  animals  died.  Liver  enzyme 
-ofiles  (OT/PT  and  AP)  showed  no  significant  differences  in  enzyme  levels  between  treated  and 
d  ddted  animals.  Preliminary  toxicology  results  indicate  an  IC10  to  be  at  40  g  of  FUS1  DNA  In  mice. 
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Although  monkey  studies  showed  no  significant  morbidity,  the  concentration  of  DNA-inducing 

morbidity  was  similar  to  that  in  mice. 

Summarily,  these  findings  have  been  published  in  several  articles  (Ito  et  ai,  2003,  2004;  I  to  and  Ji  et 

3i,  2004;  Gopalan  et  ai,  2004)  and  used  for  a  successful  filing  for  an  FDA  approval  for  a  Phase  I 

cmiical  trial  in  late  stage  lung  cancer  patients  using  systemic  treatment  of  the 

DOTAP:chole$terol:FUS1  DNA  complexes. 

Key  Research  Accomplishments: 

«  Developed  novel  vectors  for  F us  1 -mediated  and  tumor-selected  molecular  cancer  therapy  and 
for  nan-invasive  molecular  imaging  for  monitoring  therapeutic  efficacy  by  systemic 
administration  of  FUSI-iipopiex  nanoparticles. 

*  Evaluated  the  therapeutic  efficacy  of  systemic  administration  of  DOTAP;Cholesterol: FUS1 
DNA  (  FUSI-iipopiex  or  FUSt -nanoparticle)  on  human  lung  cancer  growth,  metastases 
development,  and  animal  survival.  We  found  that  treatment  with  FUS1 -nanoparticle  resulted  in 
significant  inhibition  of  Sung  tumor  growth  and  metastases. 

*  identified  an  apoptotic  protease  activating  factor  1  (Apafl)  as  the  cellular  target  that  directly 
interacts  with  Fusl  protein  and  found  that  Fusl  functioned  as  a  key  mediator  in  Apafl  - 
mediated  mitochondrial  apoptosis  pathway  by  recruiting  and  directing  cytoplasmic  Apafl 
protein  to  a  critical  cellular  location  and  activating  it  in  situ,  and  by  upregulating  activity  of  other 
proapoptotic  effectors  such  as  p53  and  dowregulating  anti -apoptotic  mediators  such  as  Bc!2 
family  proteins  for  the  efficient  induction  of  apoptosis. 

*  Studied  the  effects  of  Fusl  in  combination  with  other  tumor  suppressor  genes  such  as  p53 
and  chemotherapeutic  agents  such  as  cisplatin,  taxel,  protein  tyrosine  kinase  inhibitors  on 
tumor  ceil  proliferation  and  apoptosis  in  vitro  and  in  vivo.  Our  results  suggest  that  co¬ 
expression  of  FUS1  and  p53  could  synergistically  inhibit  lung  cancer  ceil  growth  and  wildtype 
Fusl  may  play  a  critical  role  in  modulating  the  sensitivity  of  tumor  cells  to  the 
cnemotherapautic  agents,  especially,  to  DNA  damaging  agents,  such  as  Cisplatin  and  ionizing 
radiation. 

*  Identified  many  cellular  targets  in  FUS1 -mediated  tumor  suppressor  activities  in  lung  cancer 
cells  by  a  high  throughput  gene  and  protein  expression  profiling  using  technologies  of  gene 
microarrays  and  ProteinChsp  arrays. 

*  Evaluated  the  toxicity  of  systemic  administration  of  FU S 1  -nanopartides  in  mice  and  non¬ 
human  primates  (Monkey)  in  an  AAALAC  accredited  GLP-grade  facility  and  no  signs  of  toxicity 
at  these  therapeutic  dose  levels  were  shown  in  those  animal  models. 

«  Based  on  these  pre-clinical  efficacy  and  toxicity  studies,  a  Phase  I  clinical  trial  with  systemic 
administration  of  FUSI-nanoparticle  was  designed  and  activated  for  treatment  of  advanced 
stage  lung  cancer  patients  at  M.  D.  Anderson  Cancer  Center. 

Reportable  Outcomes 

Articles  published  in  peer-reviewed  journals; 

.  Gopaian  B,  Ito  I,  Branch  CD,  Clifton  Stephens  L,  Roth  JA,  Ramesh  R.  Nanoparticle-based 
systemic  gene  therapy  for  lung  cancer;  molecular  mechanisms  and  strategies  to  suppress 
nanoparticle-mediated  inflammatory  response.  Techno!  Cancer  Res  Treat  3:647-657,  2004. 

2.  Ito  I,  Gopalan  B,  Mohiuddin  I,  Saeki  T,  Saito  V,  Branch  CD,  Stephens  LC,  Yen  N,  Roth  JA, 
Ramesh  R.  Increased  uptake  of  iiposomai-DNA  complex  by  lung  metastases  following 
intravenous  administration.  Mol  Ther  7:409-41 8,  2003. 

ho  l,  Saeki  T.  Mohiuddin  I,  Saito  Y,  Varporciyan  A,  Branch  C,  Roth  JA,  and  Ramesh  R.  Persistent 
transgene  expression  following  intravenous  administration  of  a  liposomal  complex:  role  of  IL-10 
mediated  immune  suppression,  Mol  Ther  9:318-327,  2004. 

J:  L,  Minna  JD,  Roth  JA,  3p21 .3  T umor  Suppressor  Cluster:  Prospects  for  T ranslational 
Applications.  (Review)  Future  Oncology  1:79-92,  2005. 
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Osaa  V.  Gopaian  8,  Miyahara  R,  Inoue  S,  Branch  C,  Mhashiikar  AM,  Roth  JA,  Chada  S, 
and  Ramesh  R  Sulindac  enhances  Ad-mda7/lL-24  mediated  apoptosis  of  human  lung  cancer 
cells.  Mot.  Cancer  Ther.4(2):291-304,  2005. 

c  Uno  Ff  Sasaki  J,  Nishizaki  M,  Carboni  G,  Xu  K,  Atkinson  EN,  Kondo  M,  Minna  JD,  Roth  JAf  Ji  L. 
Myristoylation  of  the  FUS1  protein  required  for  tumor  suppression  in  human  iung  cancer  cells. 
Cancer  Res.  64,  2969-2976,  2004. 

Manuscripts  in  progress: 

1  Futoshi  Uno,  Jiichiro  Sasaki,  Gitanjali  Jayachandran,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji, 
Activation  of  apoptosis  by  tumor  suppressor  FUS1  and  Apaf-1  protein  interaction.  Nature,  2006 

(pending  revision), 

2  Hiroyuki  Kawashima,  Futoshi  Uno,  Jonathan  Kurie,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 
Synergistic  inhibition  of  EGFR  tyrosine  kinase  activity  and  NSCLC  cell  growth  by  combination 
treatment  with  FU St -nanoparticle  and  gefrtinib  {in  preparation). 

3  Wuguo  Deng,  Futoshi  Uno.  John  D  Minna,  Jack  A,  Roth,  Lin  Ji.  Synergistic  tumor  suppression  by 
coexpression  of  FUS1  and  p53  concurrences  with  FUS1 -mediated  down  regulation  of  MDM2, 
accumulation  of  p53,  and  activation  of  Apafl -dependent  apoptotic  pathway  in  human  NSCLC 
cells  (in  preparation). 

Hiroyuki  Kawashima,  Gitanjali  Jayachandran,  Wuguo  Deng,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth, 
Lin  Ji,  Overcoming  gefitinib  resistance  in  NSCLC  via  inactivation  of  the  PI3K/AKT  signaling 
pathway  by  a  combination  of  FUS1  nanoparticles  and  EGFR  inhibitors  (in  preparation). 

Guanglin  Wu,  Wuguo  Deng,  Gitanjali  Jayachandran,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 
interaction  of  the  tumor  suppressor  FUS1  with  PDGFRp  inhibits  PDGFR-mediated  proliferation  of 
numan  lung  cancer  cells  {in  preparation). 

Meeting  Abstracts: 

1  Carbons  GL.  Shao  J,  Xu  K,  Gao  B,  Nishizaki  M,  Schmid  RA,  Minna  JD,  Roth  JA,  Ji  L.  Synergistic 
inhibition  of  tumor  cell  growth  by  CACNA2D2  and  p53  via  activation  of  DARK  pathway  in  lung 
cancer  American  Association  for  Cancer  Research  (AACR),  94th  Annual  Meeting,  Toronto, 
Ontario,  Canada,  April  5-9,  2003.  Proc.  Am.  Assoc,  Cancer  Res.,  44:241-242, 2003, 

Uno  F,  Sasaki  J,  Nishizaki  M.  Carboni  G,  Xu  K,  Minna  JD,  Roth  JA,  Ji  L.  Myristoylation  of  Fusl 
protein  is  required  for  Fusl -mediated  tumor  suppressing  activities  in  human  lung  cancer. 

American  Association  for  Cancer  Research  (AACR).  94th  Annual  Meeting,  Washington,  District  of 
Columbia,  July  11-14,  2003.  Proc.  Am.  Assoc.  Cancer  Res.,  44:75,  2003. 

Jiichiro  Sasaki,  Futoshi  Uno,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji.  Enhanced  Sensitivity  of  Tumor 
;  i-HG  to  Chemotherapeutic  Agents  by  Activation  of  FUS1  Tumor  Suppressor  Gene  in  Lung  Cancer 
Cells.  Proceedings  of  The  95th  American  Association  for  Cancer  Research  (AACR)  Annual 
Meeting,  Orlando,  FL,  March  27-31,  2004. 

Futoshi  Unc.  Jiichiro  Sasaki,  Gitanjali  Jayachandran,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 
Activation  of  Apoptotic  Signaling  Pathway  by  Direct  Interaction  between  Tumor  Suppressor  Fusl 
and  Apaf-1  proteins  in  Lung  Cancer  Cells  Back  to  Search,  Proceedings  of  The  95th  American 
Association  for  Cancer  Research  (AACR)  Annual  Meeting,  Orlando.  FL,  March  27-31 , 2004 
(AACR  Scholar-in  -T raining  Awards). 

H-royuki  Kawashima,  Charles  Lu.  Jonathan  Kurie,  Sunil  Chada,  John  D.  Minna,  Jack  A.  Roth,  Lin 
Ji.  Synergistic  inhibition  of  EGFR  tyrosine  kinase  and  tumor  ceil  growth  in  non-small  cell  lung 
cancer  (NSCLC)  by  combination  treatment  with  FUS1 -nanoparticles  and  Gefitinib.  ASCO  Annual 
Meeting,  Orlando,  Florida,  May  13-17,  Abstract  No:  7081,  2005. 

6  Hiroyuki  Kawashima,  Futoshi  Uno,  Jonathan  Kurie,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 

Synergistic  inhibition  of  EGFR  tyrosine  kinase  activity  and  NSCLC  cell  growth  by  combination 
treatment  with  FUS1  -nanoparticle  and  gefitinib.  American  Association  for  Cancer  Research 
AACR),  00th  Annual  Meeting,  Anaheim,  CA,  April  16-20,  2005.  Proc.  Am.  Assoc.  Cancer  Res,, 
Vol,  48.  #2707 
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7  Wuguo  Deng,  Futoshi  Uno,  John  D  Minna,  Jack  A,  Roth,  Lin  Ji.  Synergistic  tumor  suppression  by 
coexpression  of  FUS1  and  p53  concurrences  with  FUS1 -mediated  down  regulation  of  MDM2, 
accumulation  of  p53,  and  activation  of  Apafl  -dependent  apoptotic  pathway  in  human  NSCLC 
ceils.  American  Association  for  Cancer  Research  (AACR),  96th  Annual  Meeting,  Anaheim,  CA, 
April  16-20,  2005.  Proc.  Am.  Assoc.  Cancer  Res.,  Voi.  46.  #3516 
Gopaian,  B  .  Branch,  C,D.  Stephens,  LC„  Roth,  JA,  Ramesh,  R.  A  novel  strategy  for 
suppressing  toxicity-mediated  by  systemic  delivery  of  DNA-nanoparticles.  Proc.  Am.  Assoc, 
Cancer  Res.,  46:783,  abstract  #  3345,  2005. 

‘-irovuki  Kawashima,  Gitanjali  Jayachandran,  Wuguo  Deng,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth, 
Lm  ji  Overcoming  gefitinib  resistance  in  NSCLC  via  inactivation  of  the  PI3K/AKT  signaling 
pathway  by  a  combination  of  FUS1  nanoparticles  and  EGFR  inhibitors.  American  Association  for 
Cancer  Research  (AACR),  97th  Annual  Meeting,  Washington  DC,  April  1-5,  2006,  Proc,  Am. 

Assoc.  Cancer  Res.,  Vol.  47.  #5426. 

•0.  Guanglin  Wu.  Wuguo  Deng,  Gitanjali  Jayachandran,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 

Interaction  of  the  tumor  suppressor  FUS1  with  PDGFRp  inhibits  PDGFR-mediated  proliferation  of 
human  lung  cancer  cells.  American  Association  for  Cancer  Research  (AACR),  97th  Annual 
Meeting,  Washington  DC,  April  1-5,  2006.  Proc,  Am,  Assoc,  Cancer  Res.,  Voi.  47.  #1460,  (AACR 

Scholar-in-Training  Awards). 

Project-generated  grants: 

7 grant  titled  ''Systemic  Non-Virai  Gene  Therapy  for  Lung  Cancer*  submitted  to  the  Charoleite 
Sever  Foundation  has  been  funded.  The  preliminary  data  for  this  grant  application  was  generated 
partly  from  studies  conducted  in  Project  7  of  TARGET. 

2  N1H  U01 :  Mouse  Models  of  Human  Cancers  Consortium  4/1/2004-3/31/2009 
Projects  2  and  5:  Modeling  Airway  Lung  Cancer  and  the  Rote  of  Inflammation 
Project  leader:  Lin  Ji,  Ph.D. 

"■stents  (Granted  and  Pending): 

Ji,  L  ,  Roth.  J.A.  Detection  of  Expression  and  Posttranslatsonal  Modification  of  Fusl  Protein  on 
ProteinChip  Array  by  SELDi-TOF-MS.  MDA04-107,  2004 
2  Jr,  L ...  Roth,  J.A.,  Minna,  J.D.,  and  Lerman,  M.I.,  Chromosome  3p2t.3  genes  as  tumor 
suppressors.  U.S.  Patent,  US-2004-001 6006-A1;  World  Patent:  WO  02/04511  A2 
Jacfd  Lin,  Ralph  B.  Arlinghaus,  Lin  Ji,  Jack  A,  Roth,  inhibition  of  Abl  Kinase  by  FUS1  Peptide, 
MDA05-048,  January  25,  2005. 

4-  urn  Ji  Jack  A.  Roth,  A  Novel  Therapeutic  FUS1  (FP)  and  FP-Nanoparticle  mediated  Inhibition  of 
PTK  Activities  and  Tumor  Cell  Growth,  MDA05-058,  March  4,  2005 
Gitanjali  Jayachandran,  Kevin  Coombes,  Jack  Roth,  and  Lin  Ji.  High  throughput  serum 
phosphopeptide  profiling  for  early  detection,  molecular  classification,  and  diagnosis  of  lung  cancer. 

MDAQ6-040,  2006 

Conclusion 

Our  results  revealed  a  novel  molecular  mechanism  involving  FUS1 -mediated  tumor  suppression 
unction  in  vitro  and  in  vivo.  We  developed  a  novel  DOTAP:Cholesterol:FUSl  plasmid  DNA- 
anoparbcte  for  systemic  treatment  of  lung  cancer.  Based  on  these  pre-clinical  efficacy  and  toxicity 

. omc.  a  Phase  J  clinic  trial  with  systemic  administration  of  FUS1  -nanoparticle  has  been  opened  for 

advanced  stage  lung  cancer  patients  at  M.  D.  Anderson  Cancer  Center. 

References 

NishizaKi,  M..  Sasaki,  J.,  Fang,  B„  Atkinson,  E.N.,  Minna.,  J.D„  Roth,  J.,  and  Ji,  L.  Synergistic 
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human  NSCLC  cells.  Cancer  Res  64  (16),  5632-5640,  2004. 

2  Templeton  NS,  Roberts  DD.  Safer  B.  Efficient  gene  targeting  in  mouse  embryonic  stem  cells. 
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-reject  8:  Therapeutic  Targeting  of  bcl-xl  Expression  in  Non-Small  Ceil  Lung  Carcinoma 

Project  leader:  W  Roy  Smythe,  M.D.) 

'totes:  In  February  2004.  Dr.  Roy  Smythe  left  M.  D.  Anderson  to  become  Chairman  of  the 
Department  of  Surgery  at  Scott  &  White  in  Temple,  TX.  The  balance  of  funds  in  his  project  was 
;a  located  to  Core  A  and  Project  1 .  A  summary  of  research  findings  follows. 

he  bcl-xl  gene  is  a  member  of  the  bcl-2  family  of  genes  that  controls  mitochondrial  membrane 
jotential  and  interacts  with  other  members  of  this  family  to  control  apoptosis,  or  programmed  cell 
leath  When  over-expressed,  the  bci-xl  protein  leads  to  inhibition  of  apoptosis  as  well  as  decreased 
ism .  ity  to  conventional  treatments  (i.e.,  chemotherapy  and  irradiation).  Deceasing  expression  of 
mis  gene  product  by  various  means  may  conversely  induce  apoptosis  in  cancer  cells  and  lender  them 
sensitive  to  more  conventional  available  therapies. 

Summary  of  Research  Findings: 

Specific  Aim  1:  Characterize  in  vitro  effects  of  bcl-xl  antisense  on  human  NSCLC  cells  and 
evaluate  such  exposure  as  a  prime  for  other  pro-apoptotic  therapies 

Findings:  We  nave  evaluated  a  panel  of  bcl-xl  antisense  oligonucleotides  (ASO)  on  the  human  non- 
small  ■  ell  carcinoma  cell  lines  A549  and  HI 299.  We  have  identified  one  particular  construct  {ISIS 
15999}  that  can  decrease  cell  viability  in  a  lipid  delivery  system  by  60%-90%.  We  have  also 
demonstrated  the  ability  of  this  in  vitro  treatment  to  increase  the  apoptotic  fraction  of  cells  by  more 
than  30%.  This  has  also  effectively  sensitized  these  ceil  lines  to  cispiatin,  with  significant  increases  in 
both  cell  death  and  apoptosis  over  either  monotherapy  approach. 

Due  to  a  concern  regarding  the  in  vivo  applicability  of  this  antisense  approach,  we  have  been 
evaluating  a  siRNA  approach  for  down-regulation  of  bcl-xl  expression.  We  have  designed  and 
evaluated  5  separate  siRNA  double  stranded  constructs  and  have  tested  them  on  NSCLC  lines  in 
,  -o.  Two  of  these  constructs  effectively  decreased  bcl-xl  expression  at  both  protein  (Western  blot) 
and  mRNA  (real-time  FOR)  levels.  The  most  promising  construct  was  utilized  to  develop  a  hairpin 
■oop  piasmid  delivery  system.  Both  the  siRNA  double  stranded  and  plasmid  constructs  are  able  to 
induce  apoptotic  cell  death  in  vitro.  Notably,  the  bcl-xl  siRNA  plasmid  construct  delivered  with  a  lipid 
delivery  system  can  sensitize  NSCLC  cells  to  cispiatin  and  decrease  the  amount  of  cispiatin  required 
to  kill  50%  of  these  cells  (iC5G)  by  a  full  log. 


specific  Aim  2:  Develop  an  adenoviral  vector  capable  of  transferring  an  antisense  bcl-xl  gene 

construct 

-  rub-length  bcFx!  antisense  adenoviral  gene  therapy  vector  (xl22)  was  developed  (second  generation 
eplicaiion  deficient  human  type  5  construct).  This  has  been  confirmed  by  sequencing. 

Specific  Aim  3:  Characterize  the  in  vitro  effects  of  bcl-xl  antisense  adenoviral  vector  exposure 
on  human  NSCLC  cells  and  evaluate  such  exposure  as  a  prime  for  other  pro- 
apoptotic  therapies 

"ne  Dd-xl  antisense  adenoviral  vector  (xJ22)  was  evaluated  in  vitro  in  NSCLC  cells  and  demonstrated 
:o  downregulate  bcl-xl  protein  expression  and  induce  apoptotic  cell  death. 


Page  63 


-  vn,  Award  DAMO 17-02-1  *0709;  Principal  Investigator:  Waun  Ki  Hong,  M.D. 
■'  .-sal  Report ;  Reporting  Period  01  September  2002  -  30  August  2006 _ 


30  September  2006 


Specific  Aim  4:  Characterize  the  therapeutic  effects  of  bcl-xl  antisense  targeting  with  both  ASO 
and  adenoviral  vectors  in  animal  models  of  non-small  cell  lung  carcinoma  and 
evaluate  such  exposure  as  a  prime  for  other  pro-apoptotic  therapies  in  vivo 

We  have  demonstrated  the  ability  of  ASO  to  decrease  intraperitoneal  tumor  burden  in  a  xenograft 
rnodej  of  mesothelioma  (identical  bcl-2  family  expression  pattern)  by  30%-40%.  Likewise,  we  have 
demonstrated  that  the  x!22  construct  can  decrease  tumor  burden  by  more  than  60%.  We  have 
recently  demonstrated  the  ability  to  transfer  the  backbone  siRNA  plasmid  system  with  a  reporter  gene 
ft.  Colt  beta  gaiactosidase)  utilizing  a  DOTAPxholesterol  delivery  method  into  in  vivo  intraperitoneal 
xenograft  tumor. 

Key  Research  Accomplishments: 

-  Demonstrated  that  bcl-xl  ASO  and  adenoviral  construct  (xl22)  reduced  bcl-xl  expression  and 
Induced  apoptosis  in  NSCLC  lines,  and  sensitized  the  cell  lines  to  cisplatin,  with  significant 
increases  in  both  cell  death  and  apoptosis  over  either  monotherapy  approach. 

*  Demonstrated  that  ASO  and  xl22  decreased  intraperitoneal  tumor  burden  by  30%-40%  and 
>  60%  respectively,  in  a  xenograft  model  of  mesothelioma. 

Conclusion: 

The  bc!-2  antisense  oligonucleotide  (ASO)  effectively  blocked  the  bcl-2  expression  in  vitro,  but  the 
limitation  of  the  m  vivo  applicability  of  this  antisense  approach  may  make  it  less  advantageous  than 

the  newly  emerged  siRNA  strategy  for  future  use. 


Project  9:  Use  of  Perfluorocarbons  (RFC)  enhance  Pulmonary  Gene  Transfer 

(Project  Leader:  Ara  Vapordyan,  M.D.) 

Notes:  This  project  didn't  proceed  wei!  as  originally  proposed  due  to  several  reasons,  mainly  because 
the  proposed  animal  study  did  not  show  any  positive  results,  and  after  Or.  Vapordyan  decided  to 
change  the  injection  strategy  and  attempted  to  adopt  the  intravenous  formulation  of  PFC,  the 
company  was  unable  to  provide  any  of  the  material  for  this  study  because  of  its  commitment  to 
another  party.  Therefore,  Dr.  Vapordyan  decided  to  discontinue  the  study.  The  balance  of  funds  for 
this  project  was  reallocated  to  Core  A  in  2005. 

Replication-deficient  adenoviral  vectors  have  demonstrated  high-efficiency  gene  transfer  in  a  wide 
variety  of  tissues.  Hepatic  clearance  during  intravenous  administration  as  well  as  the  host  immune 
response  to  the  virai  antigens  has  limited  its  effectiveness.  Based  on  our  findings  and  a  significant 
body  of  literature  data,  we  hypothesized  that  the  anti-inflammatory  properties  of  PFC  will  limit  the 
immune  response,  thereby  improving  transfer  efficiency  and  duration  of  gene  expression. 

A  brief  summary  of  the  work  conducted  for  this  Project  is  as  follows. 

Specific  Aim  9,1  :To  determine  the  ability  of  perfluorocarbons  to  diminish  the  immune 

response,  both  innate  and  subsequent  cellular  and  humoral  responses,  to 
intratracheal  administration  of  adenoviral  vector 

We  found  ihat  intratracheal  administration  of  adenovirus  in  experimental  mice  allows  transfection  in 
the  lung  parenchyma  only  and  the  transfection  efficiency  was  significantly  increased  when  followed  by 
niratracheai  administration  of  perfluorocarbons  (RFC),  However,  the  second  pulmonary  transfection 
after  repeated  administration  of  adenovirus  and  then  PFC  was  not  successful. 

is  was  either  caused  by  interference  of  adenoviral  transfection  by  the  small  amount  of  residua!  PFC 
•:  due  to  an  enhanced  immune  response  generated  by  the  high  expression  after  the  first  transfection. 
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address  the  latter,  we  began  experiments  using  a  less  immunogenic  vector.  In  collaboration  with 
Ramesh  (Project  7}  we  had  preliminary  in  vitro  data  demonstrating  improved  gene  transfer  into 
a 54 9  lung  cancer  celt  lines  using  liposomes  (DOTAP:cholesterol  lipid  formulation  mixed  with  D-gai 
piasmio  ON  a:  n  the  presence  of  RFC.  This  enhanced  gene  transfer  coupled  with  the  decreased 
immunogenic  properties  of  liposomes  prompted  us  to  attempt  in  vivo  pulmonary  gene  delivery  using 
liposomes  with  RFC. 

Our  ii  cal  attempts  with  liposomes  administered  intratracheally,  with  or  without  RFC,  resulted  in  100% 
mortality  within  10  minutes  secondary  to  respiratory  distress.  Further  work  with  various  ratios  of 
iOTAP  and  cholesterol  revealed  that  the  lethal  agent  was  the  cholesterol,  A  new  lipid  formulation 
"insist  ng  only  of  DOTAP  and  -gal  plasmid  DNA  was  created  and  administered  safely.  However,  at 
and  2  days  post  administration  there  was  no  r-gal  expression  regardless  of  the  presence  or 
absence  of  PFC  We  have  discontinued  work  with  liposomal  vectors  in  vivo. 

Specific  Aim  9.2:  To  determine  the  effects  of  perfluorocarbons  on  reduction  and  mechanical 
disruption  of  the  humoral  response,  and  subsequent  effects  on  repeated 
gene  transfer 

cased  on  our  preliminary  in  vitro  data,  PFC  applied  directly  to  lung  cancer  celt  lines  in  culture  can 
•a  ease  the  transfection  ability  of  both  adenovirus  and  liposomal  vectors.  The  well-characterized  cell 
unes  A549  and  H4S0,  when  exposed  to  PFC  for  30  minutes  prior  to  transfection  with  adenoviral 
vector,  had  an  increased  expression  of  the  vector  by  90%  and  41%  respectively.  The  results  using  a 
posomal  vector  showed  an  equally  enhanced  expression. 

However,  as  mentioned  above,  when  we  intratracheally  administered  adenovirus  followed  by  PFC  to 
animals,  they  had  a  greatly  diminished  expression  of  the  vector  although  the  first  injection  generated  a 
favorable  expression.  We  found  that  the  animal  lung  contained  a  significant  amount  of  PFC  even  21 
clays  after  the  first  injection.  We  speculated  that  the  residual  PFC  in  the  lung  might  cause  the  poor 
transfection.  Thus,  we  attempted  to  adopt  another  approach,  hoping  to  prevent  the  accumulation  of 
’Fc  within  the  alveolar  compartment  of  the  lung. 

Kxuosad  animals  to  PFC  via  an  intravenous  injection  followed  by  intratracheal  administration  of 
udenoviral  vector.  Animals  were  initially  injected  intravenously  with  a  5mi/kg  dose  of  PFC.  However, 
vie  majority  of  the  animals  receiving  this  dose  were  unable  to  survive.  Death  ensued  within  10  to  20 
..  ;  of  injection.  Assays  for  lipopoiysaccaride  (IPS)  revealed  no  detectable  levels  of  PLS  in  the 
PF  C  source,  indicating  that  a  contaminated  supply  of  PFC  was  not  a  cause  of  the  animals'  death. 
Repeated  experiments  using  this  dose  resulted  in  the  same  outcome.  Autopsy  of  the  animals 
nsvealed  a  pale  lung  tissue.  When  this  tissue  was  homogenized  and  the  homogenate  was  allowed  to 
settle,  a  definite  layer  of  PFC  could  be  seen.  It  was  apparent  that  the  PFC  was  unable  to  travel 
fhrougn  me  pulmonary  capillary  bed  and  was  trapped  in  the  lung  limiting  pulmonary  blood  flow  and 
-esumng  in  animal  death.  Therefore,  a  reduced  dose  of  1  mi/kg  of  PFC  was  utilized.  These  animals 
urvrved  overnight  but  uniformly  succumbed  12  hours  after  the  injection.  Autopsy  of  these  animals 
dentified  a  similar  problem  as  seen  in  the  higher-dosed  animals. 

"  here  are  fluorocarbon  compounds  of  PFC  specifically  designed  for  intravenous  injection.  Use  of 
fnese  fluorocarbon  PFCs  may  prevent  death  and  allow  enhanced  transfection  via  the  method 
^escribed  above.  Attempts  were  made  to  contact  a  company  that  would  provide  the  source  for  the 
ntravenous  formulation  of  PFC.  Alliance  Pharmaceuticals  is  an  American  corporation  that  did  produce 
’  .v  -  forms  of  these  fluorocarbon  PFCs.  The  first  agent  was  designed  for  liquid  ventilation  (named 
.qu-vent)  and  the  second  was  designed  for  intravenous  injection  as  a  blood  replacement  (named 
Dxygent).  We  had  initially  attempted  to  obtain  Liquivent  when  we  began  our  studies  with  PFC  but 
•.  iiance  Pharmaceuticals  was  unable  to  provide  any  Liquivent  due  to  ongoing  clinical  trials  exploring 
its  role  in  liquid  ventilation.  They  now  no  longer  produce  this  product.  We  again  attempted  to  contact 
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Alliance  Pharmaceuticals  to  obtain  the  intravenous  PFC  product,  Oxygent,  however  the  company  has 
entered  into  an  agreement  with  a  Chinese  pharmaceutical  company  to  produce  and  test  this  agent  for 
blood  conservation  during  surgery.  As  a  resuit,  they  are  unable  to  provide  any  of  the  material  to  our 

laboratory. 

Specific  Aim  9.3:  To  determine  the  ability  of  PFC  to  allow  continued  penetration  of  the 
pulmonary  parenchyma  in  the  setting  of  an  animal  model  of  severe 

emphysema 

Specific  Aim  9.4:  To  determine  the  ability  of  PFC-mediated  gene  transfer  to  effectively 
transducer  a  model  of  multifocal  lung  cancer 

We  declined  co  pursue  Specific  Aims  9.3  and  9.4  since  Specific  Aims  9.1  and  9.2  did  not  proceed  as 

hoped 

Key  Research  Accomplishments: 

*  Intratracheal  administration  of  adenovirus  allows  transfection  of  the  lung  parenchyma  only 
and  is  significantly  increased  when  delivered  in  the  presence  of  perfluorocarbon. 
unfortunately,  pulmonary  transfection  after  repeated  administration  of  adenovirus  with 
perfluorocarbon  intratracheally  is  not  successful, 

*  We  have  explored  DNArLiposomal  complexes  with  perfluorocarbon  as  well.  Although  in 

vitro  studies  were  promising,  any  complex  containing  cholesterol  administered  intrathecally 
wasietha!  and  complexes  without  cholesterol  were  unable  to  transfect  lung  tissue  when 

administered  intrathecally. 


Project  10:  Development  of  Novel  Murine  Models  of  Lung  Cancer  and  Evaluation  of 

Antiangiogenic  Agents 

.Project  Leader  Roy  Hertost,  M.D.,  Ph.D.,  Co-Leader:  Michael  O’Reilly,  M.D.) 

Anti-angiogenic  agents  designed  to  inhibit  tumor  growth  and  prevent  metastasis  offer  great 
Pterapeutic  potential,  but  emerging  data  suggest  limitations  for  their  use  as  monotherapy  in  advanced 
maiigr  ancy  and  antt-angiogenic  therapy  may  require  organ-specific  development  or  optimization. 
Therefore,  we  propose  to  develop  murine  models  of  primary,  recurrent,  and  metastatic  human  small 
one  non-small  celt  lung  cancer.  We  will  then  use  the  models  to  determine  optimal  effective 
om  hi  nations  of  anti-angiogenic  and  cytotoxic  agents  in  these  models  of  lung  cancer.  The  goai  of  this 
r  :v.*ci  is  to  provide  a  rational  basis  for  use  of  antiangiogenic  agents  with  conventional  and  emerging 
lodalities  in  the  treatment  of  lung  cancer. 

specific  Aim  10.1:  To  develop  and  validate  orthotopic  and  metastatic  murine  lung  cancer 
models  for  testing  the  efficacy  of  anti-angiogenic  agents  alone  and  in 
combination  with  cytotoxic  agents 

Findings:  We  have  developed  and  validated  murine  models  of  orthotopic  and  metastatic  human  lung 
nncer  for  testing  the  efficacy  of  antiangiogenic  agents  alone  and  in  combination  with  cytotoxic 
memotherapy.  Our  publications  in  Clinical  Cancer  Research  (Onn  ei  al,  2003)  and  AACR  abstract 
■so be  at  ai,  2004)  describe  the  details  of  the  study.  Experimental  murine  models  of  primary  human 
'  •on-small  ceil  and  small  cell  lung  cancer  are  now  in  place  to  study  the  biology  and  therapy  of  human 
lung  cancer. 
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Specific  Aim  10.2:  To  evaluate  effects  of  anti-angiogenic  agents  alone  and  in  combination  with 
chemotherapeutic  agents  in  orthotopic  and  metastatic  murine  models  of 

human  lung  cancer 

findings:  First,  we  tested  an  oral  angiogenesis  inhibitor  ZD6474  that  targets  VEGFR2  and  EGFR  in 
the  models  We  found  that  ZD6474  resulted  in  the  near  complete  suppression  of  malignant  growth  of 
established  lung  tumors  and  prevented  pleural  effusion  formation  and  inhibited  chest  wall  invasion  in 
our  orthotopic  lung  model,  in  contrast,  systemic  weekly  therapy  with  Taxoi  had  little  or  no  effect  on 
lung  cancer  progression.  The  detailed  findings  can  be  reviewed  in  the  AACR  abstract  (Wu  et  al,  2004) 
and  in  Clinical  Cancer  Research  (Onn  et  al,  2004).  Additional  manuscripts  have  been  submitted  to 
Cancer  Research  (Wu  et  al,  2006)  and  Molecular  Cancer  Therapeutics  (Wu  et  al,  2006). 

■  addition  ZD8474  was  effective  against  lung  adenocarcinoma  in  our  brain  and  bone  metastatic 
ode  •  .  The  activity  of  ZD6474  was  enhanced  by  combined  therapy  with  Taxotere  or  Taxoi  in  the 
■ram  metastatic  models  (lung  adenocarcinoma),  but  Taxoi  antagonized  ZD6474  activity  in  the  bone 
stasia r.ic  model  suggesting  that  organ  microenvironment  influences  response  to  combined 
:  ntia  giogenic  and  cytotoxic  therapies  (Wu  et  al,  MGR,  2004;  Onn  et  al,  2004). 

Specific  Aim  10.3:  To  optimize  combinations  and  sequences  of  anti-angiogenic  therapy  with 
chemotherapy  or  radiation  therapy  for  treatment  of  lung  cancer 

Findings:  As  discussed  above,  we  have  tested  and  reported  the  results  of  the  combination  therapy  of 
ZDB474  with  Taxotere  or  Taxoi  in  metastatic  models.  In  addition,  we  also  tested  the  efficacy  of  the 
combination  of  the  targeted  agent  ZD8474  and  radiation.  We  found  that  ZD6474  enhanced  the 
herapeutfc  efficacy  of  irradiation  in  an  orthotopic  model  of  human  non-small  cell  lung  cancer.  The 
findings  were  reported  in  the  manuscript  submitted  to  Clinical  Cancer  Research  (Shibuya  et  al,  2006). 

Specific  Aim  10.4:  To  develop  surrogate  markers  of  response  to  therapy  using 

immunohtstochemical  and  gene  expression  analysis  of  tumor  tissues 

Previously,  we  reported  that  endothelial  cell  apoptosis  preceded  tumor  cell  apoptosis  after  ZD6474 
treatment  in  the  orthotoplc  human  lung  adenocarcinoma  murine  model,  suggesting  that  the  effect  on 
the  vasculature  may  be  a  useful  surrogate  for  tumor  response  to  ZD6474. 

.  wni  initiate  soon  a  clinical  trial  that  will  study  ZD6474  in  untreated  NSCLC  patients.  The 
mandatory  tumor  biopsies  from  this  trial  will  be  used  to  evaluate  endothelial  cell  apoptosis  and 
norbiiion  of  VEGFR  and  EGFR  receptor  phosphorylation,  which  could  be  used  as  surrogate  endpoints 
2D6474  effect.  The  study  will  be  supported  by  a  different  funding  mechanism. 

Key  Research  Accomplishments 

*  Developed  and  validated  murine  models  of  orthotoplc  and  metastatic  human  lung  cancer 

*  Evaluated  effects  of  ZD6474  alone  and  in  combination  with  chemotherapeutic  agents  or 
radiation  therapy  using  the  orthotopic  and  metastatic  lung  cancer  models. 

»  ZD6474  is  a  potent  inhibitor  of  angiogenesis  that  is  highly  effective  therapeutically  in  an 

orthotoplc  model  of  human  lung  cancer. 

*  T axotere  or  Taxoi  enhanced  the  activity  of  ZD6474  in  the  brain  metastatic  models  (lung 
adenocarcinoma),  but  Taxoi  antagonized  ZD6474  activity  in  the  bone  metastatic  model. 
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Reportable  Outcomes 

Articles  in  peer-reviewed  journals: 

1 .  Onn  A,  Isobe  T,  Itasaka  S,  Wu  W.  O'Reilly  MS,  Ki  Hong  W,  Fidler  !J.  Herbst  RS,  Development  of 
an  arthotopic  model  to  study  the  biology  and  therapy  of  primary  human  lung  cancer  in  nude  mice. 

Gin  Cancer  Res  9:5532-39,  2003. 

2  Onn  A,  Isobe  T,  Wu  W,  Itasakal  S,  Shintani  T,  Shibuya  K,  Kenji  Y,  O'Reilly  MS,  Fidler  1J,  Herbst 
RS  Epidermal  growth  factor  receptor  tyrosine  kinase  inhibitor  does  not  improve  paclitaxel  effect  in 
an  orthotopic  mouse  model  of  lung  cancer.  Clin  Cancer  Res  10:8613-9,  2004. 

Manuscripts  in  progress: 

Isobe  T.  Onn  A.  Wu  W,  Shintani  T,  Itasaka  S,  Shibuya  K,  O'Reilly  MS,  Herbst  RS.  Biology  and 
therapy  of  human  small  cell  lung  cancer  (SCLC)  in  novel  orthotopic  nude  mouse  models,  (in 

preparation) 

itasaka  S,  Komaki  R,  Shibuya  K,  Shintani  T,  Bucana  CD.  Herbst  RS,  O’Reilly  MS.  Targeted 
therapy  against  VEGF  and  EGF  receptor  signaling  with  blocks  angiogenesis  and  improves  the 
therapeutic  efficacy  of  chemotherapy  in  a  mouse  model  of  lung  cancer  brain  metastasis,  (in 

preparation) 

Shibuya  K,  Ritsuko  K,  Shintani  T,  Itasaka  S,  Ryan  A,  Jurgensmeter  JM,  Milas  L,  Ang  KK,  Herbst 
RS..  O’Reilly  MS.  Targeted  therapy  against  VEGFR  and  EGFR  with  2D6474  enhances  the 
therapeutic  efficacy  of  irradiation  in  an  orthotopic  model  of  human  non-small  cell  lung  cancer,  Clin 

Cancer  Res  (submitted),  2006 

~  Sn-ntani  T.  Lewis  VO,  Komaki  R,  Ryan  A,  Herbst  RS,  O’Reilly  MS.  The  anti-tumor  and 

anrangiogenic  effects  of  VEGFR  and  EGFR  blockade  are  superior  to  EGFR  blockade  alone  but 
are  not  enhanced  by  the  addition  of  paclitaxel  in  a  model  of  lung  cancer  bone  metastasis,  (in 

preparation) 

Wu  W.  O'Reilly  MS,  Langley  R,  Tsan  RZ,  Baker  CH,  Bekele  N,  Tang  XM,  Onn  A,  Fidler  IJ,  Herbst 
RS  Expression  of  EGF/TGF-alpha  by  human  lung  cancer  cells  determines  response  to  EGFR 
Kinase  inhibitors.  Cancer  Res  (submitted),  2006. 

■>  Wu,  Isobe  T  Onn  A,  itasaka  S,  Langley  RR,  Shiiani  T,  Shibuya  K,  Komaki  R,  Ryan  AJ,  Fidle  IJ, 
Herbs!  RS.  O'Reilly  MS.  Targeted  therapy  of  the  tumor  and  vascular  components  of  orthotopic 
numan  lung  cancer  by  combined  vascular  endothelial  growth  factor  and  epidermal  growth  factor 
receptor  signaling  blockade.  Mol  Cancer  Ther  (submitted),  2006. 

Meeting  Abstracts: 

Shibuya  K,  Komaki  R,  Shintani  T,  Wu  W,  Itasaka  S,  Isobe  T,  Ryan,  A,  Herbst,  RS,  O'Reilly,  MS. 
Combined  blockade  of  VEGFR  and  EGFR  with  ZD6474  enhances  the  anti-tumor  and  anti-vascular 
effects  of  radiation  therapy  in  an  orthotopic  mouse  model  of  human  iung  cancer.  Proceedings  of 
AACR:  #5828,  2005. 

-  Shintani  T,  Lewis  VO,  Komaki  R,  Wu  W,  Ryan  A,  Herbst  RS,  O’Reilly,  MS.  ZD6474  inhibits  human 
lung  cancer  bone  metastases  in  a  murine  model  by  targeting  both  the  tumor  and  its  vasculature. 
Proceedings  of  AACR:  #  5844,  2005. 

sobe  T,  Onn  A.  Wu  W,  Shintani  T,  Itasaka  S,  Shibuya  K,  Hong  WK,  O’Reilly  MS,  Herbst  RS. 
Biology  and  therapy  of  human  small  ceil  lung  cancer  (SCLC)  in  novel  orthotopic  nude  mouse 
models.  Proceedings  of  AACR:#51 36,  2004. 

Wu  W,  Onn  A,  Shintani  T.  Herbst  RS.  O'Reilly  MS.  ZD6474  enhances  the  anticancer  efficacy  of 
Paclitaxel  in  human  Lung  Cancer  Models.  Angiogenesis  7(Suppl  1):25,  2004. 

5  Shibuya  K.  Komaki  R,  Wu  W,  Shintani  T,  Itasaka  S,  Isobe  T,  Ryan  A,  Herbst  RS,  O’Reilly  MS, 
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Targeted  therapy  against  VEGFR  and  EGFR  signaling  with  2D6474  enhances  the  therapeutic 

efficacy  of  irradiation  in  an  orthotopie  mouse  model  of  human  non-small  cell  lung  cancer.  Inti  J 
Radiation  Oncol,  Biology,  Physics  80(1  Suppl  S):S149-50,  2004. 

5  Wu  W,  Shintani  T,  O'Reilly  MS,  Herbst  RS.  Blocking  VEGF  and  EGF  receptor  signaling  with 
ZD6474  sensitizes  human  non-small  cell  lung  cancer  to  chemotherapy  with  paclitaxel.  Europ  J 

Cancer  Suppl  2(8  suppl):50, 2004. 

~  Wu  W,  Isobe  T,  Itasaka  S,  Shintani  T,  Langley  RR,  Onn  A,  Hansen  JC,  O'Reilly  MS,  Herbst  RS. 
Z06474,  a  small  molecule  targeting  VEGF  and  EGF  receptor  signaling,  inhibits  lung  angiogenesis 
and  metastasis  and  improves  survival  in  an  orthotopic  model  of  non-small  cell  lung  cancer. 

Proceedings  of  AACR:  #4551,  2004. 

8  Wu  W,  isobe  T,  Onn  A,  Shintani  T,  Itasaka  S,  Shibuya  K,  Langley  RR,  Hansen  JC,  Fidler  1J,  Ryan 
AJ.  Herbst  RS.  O'Reilly  MS.  Targeted  therapy  against  VEGF  and  EGF  receptor  signaling  with 
ZD6474  blocks  angiogenesis  and  inhibits  the  growth  and  dissemination  of  orthotopic  human  lung 

cancer  tn  mice.  Clin  Cancer  Res  9(16  Pt  2):6143s,  2003. 

Project-generated  clinical  trials: 

Based  on  the  preclinlcal  findings  from  the  TARGET  projects,  we  have  designed  2  clinical  trials: 

A  phase  tl  clinical  trial  with  antiangiogenic  agent  ZD6474  in  combination  with  chemotherapeutic 
agents  in  NSCLC  patients  (Pi:  Roy  Herbst,  M.D,,  Pb.D) 

:  A  pnase  i .  randomized  trial  of  treatment  of  malignant  pleural  effusion  with  ZD6474,  a  novel 
VEGFR  and  EGFR  tyrosine  kinase  inhibitor  (a  part  of  IMPACT)  (PI:  Roy  Herbst,  M.D,,  Ph.D.) 

Conclusion 

We  conclude  that  1}  the  orthotopic  murine  model  of  lung  cancer  is  a  valuable  tool  to  test  the 
antiangiogenic  agents  and  their  combination  with  cytotoxic  agents;  2)  The  model  provides  a  rational 
8  asis  for  development  of  anti-angiogenic  therapy  with  conventional  and  emerging  modalities  in  the 
reatment  of  lung  cancer;  3)  ZD6474  is  a  potent  inhibitor  of  angiogenesis  that  is  highly  effective 
therapeutically  in  an  orthotopic  model  of  human  lung  cancer.  It  will  be  prudent  to  develop  ciinicai 
strategies  for  the  combination  of  specific  protein  tyrosine  kinase  inhibitors  that  block  both  EGFR  and 
VEGFR  signaling. 


Core  8:  Biostatistics  &  Data  Management  Core 

i Core  Director,  J.  Jack  Lee,  Ph.D.;  Core  Co-Director,  B.  Nebiyou  Bekele,  Ph.D.) 

Core  Goals; 

•  To  provide  the  statistical  design,  sample  size  and  power  calculations  for  each  project. 

•  To  facilitate  prospective  data  collection  and  quality  control  of  data  for  animal  experiments  and 
basic  science  studies  associated  with  the  TARGET  program. 

•  To  provide  all  statistical  date  analysis  including  descriptive  statistical  analysis,  hypothesis 
testing,  estimation,  modeling  of  prospectively  generated  data. 

•  To  generate  statistical  reports  for  all  projects. 

"o  collaborate  and  assist  all  project  investigators  in  the  publication  of  scientific  results. 

From  the  inception  of  the  TARGET  program,  the  Biostatistics  and  Data  Management  Core  has 
worked  actively  with  the  project  leaders  in  their  research  efforts,  especially  in  the  areas  of 
'.nostatistica!  advice  and  consulting,  the  initial  design  of  studies,  and  analysis  of  experimental  results. 

Key  Research  Accomplishments: 

•  In  collaboration  with  Dr.  Ruth  Katz  (Investigator  in  Project  1 ),  the  Core  analyzed  various  data 
sets  relating  to  the  relationship  between  deletions  of  the  3p  and  tOq  genes  and  overall  survival 
for  patients  with  NSCLC.  The  results  were  published  in  Cancer  (Barkan  et  al,  2005). 
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*  We  also  assisted  Dr.  Charlie  Lu's  project  (Project  4).  In  collaboration  with  Dr.  Lu,  we  have 
analyzed  six  molecular  factors  including  DAP  kinase  potentially  prognostic  for  overall  survival 
of  resectable  Stage  I  NSCLC  patients.  The  data  were  published  in  Journal  of  Clinical 
Oncology  {Lu  et  al,  2004).  Currently,  we  are  analyzing  the  correlation  between 
hypermethylation  of  DAP  kinase  and  patient  survival.  A  manuscript  is  in  preparation  (Lu  et  al, 
2006) 

•  In  addition,  Dr.  Jack  Lee,  in  collaboration  with  Dr.  Reuben  Lotan  (Project  Leader  of  Project  5), 
evaluated  the  data  of  growth  inhibitory  and  apoptosis  effects  of  histone  deacetylase  inhibitor 
SAHA  and  demethylating  agent,  5-aza-2-deoxycytldine ,  on  lung  cancer  cell  lines  generated  in 
Specific  Aim  5.1.  A  manuscript  is  in  preparation  (Fujimoto  et  al.,  2006). 

Reportable  Outcomes 

Articles  published  or  in  progress: 

Barkan  GA,  Caraway  NP,  Jiang  F,  Zaidi  TM,  Fernandez  R,  Vaporciyan  A,  Morice  R,  Zhou  X, 
Bekete  BN,  Katz  R.  Comparison  of  molecular  abnormalities  in  bronchial  brushings  and  tumor 

much  preparations.  Cancer  105;  35-43, 2005. 

..  lu  C,  Soria  JC.  Tang  X,  Xu  XC,  Wang  L,  Mao  L,  Lotan  R,  Kemp  B,  Bekele  BN,  Feng  L,  Hong  WK, 
Khuri  FR  "Prognostic  Factors  in  Resected  Stage  I  Non-Small  Cell  Lung  Cancer  (NSCLC):  A 
Multivariate  Analysis  of  Six  Molecular  Markers”.  J  Clin  Oncol  22:  4575-83,  2004. 

3  Lu  C,  Wistuba  I,  Zhou  X,  Bekele  BN,  Putnam  JB,  Jr..  Correa  A,  Mao  L.  Prognostic  role  of 
promoter  hypermethylation  of  death-associated  protein  (DAP)  kinase  and  pi  6  genes  in  early- 
stage  non-small  ceil  lung  cancer  (in  preparation) 

4.  Fujimoto  JY,  Men  T,  Lee  JJ,  Kong  M,  Ayers  GD,  Hong  WK,  Lotan  R.  Additive  and  synergistic 
effects  of  5-aza-2’-deoxycytidine  and  suberoylanilide  hydroxamic  add  (SAHA)  on  human  lung 
carcinoma  cells  in  vitro  and  in  vivo  (in  preparation). 


KEY  RESEARCH  ACCOMPLISHMENTS  (IN  SUMMARY) 

Project  1  Molecular  Epidemiology  of  Lung  Cancer 

•  Consented  178  patients.  Exceeded  target  enrollment  of  100  patients  (131)  with  both  bronchial 

brushings  and  blood. 

•  There  is  a  significant  correlation  between  latent  genetic  instability  as  measured  by  BPDE- 
induced  mutagen  sensitivity  in  the  lymphocytes  and  3p  and  lOq  aberrations  by  FISH  assay  in 
bronchial  brushing  epithelial  cells  from  the  non-tumor  side  and  uninvolved  lung  tissue,  but  not 
with  the  tumor  tissue  of  the  same  patients. 

•  DNA  repair  capacity  data  am  available  on  41  epithelial  samples  with  a  mean  (SD)  of  14.8 
(10.2).  There  was  no  evidence  of  correlation  between  DRC  of  the  cells  and  lymphocyte  DRC 
from  trie  same  subjects  (P=0.3187). 

v  BPDE  sensitivity  in  lymphocytes  (a  measure  of  overall  genetic  instability)  was  significantly 
positively  associated  with  3p  deletions  in  lymphocytes  on  FISH  analysis  (p=0.Q066)  as  well  as 
3p  aberrations  (p-0.0024)  and  borderline  significantly  associated  with  FISH  lOq  aberrations 

(p=0.0570)  in  lymphocytes. 

•  3p  deletions  and  lOq  deletions  in  bronchial  brushes  from  either  normal  or  tumor  side  of 
bronchial  brushes  and  tumor  preps  were  strongly  correlated, 

•  In  a  subset  of  the  cases,  there  was  no  correlation  between  lymphocyte  markers  and  those  in 
epithelial  cells.  However,  the  complete  data  set  has  yet  to  be  analyzed. 

Project  2:  Genetic  Instability  by  Smoking  Status 

•  Developed  the  sensitive  and  highly  reproducible  FISSR-PCR  technique  and  applied  it  to  detect 
clonal  and  subcionat  outgrowths  in  microdissected  epithelium  and  stroma  from  frozen  tissue 
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sections  of  resected  lung  tumors  and  of  bronchial  biopsies  obtained  during  chemoprevention 

studies. 

Demonstrated  increased  genetic  instability  and  increased  cional/subclonal  heterogeneity  in  an 
in  vitro  model  of  bronchia!  epithelial  cel)  populations  at  different  stages  of  lung  tumorigenesis. 

-  Demonstrated  that  the  stroma  underlying  genetically  altered  bronchial  epithelium  also  exhibits 
clonal  and  subclonal  outgrowths.  The  degree  of  clonal  change  in  the  stroma  appeared  to  be 
dialed  to  the  degree  of  cional/subclonal  change  in  the  bronchial  epithelium. 

-  Demonstrated  the  presence  of  cional/subclonal  changes  in  the  bronchial  epithelium  and 
underlying  stroma  of  current  and  former  smokers  at  increased  risk  for  lung  cancer 
development.  The  degree  of  cional/subclonal  change  detected  was  related  to  the  degree  of 
genetic  instability  measured  in  biopsies  of  the  same  subjects  by  chromosome  in  situ 
hybridization. 

Projeci  3:  Epithelial  Biomarkers  of  Lung  Cancer:  Evaluation  of  Airway  Secretions  to  Study 

Lung  Carcinogenesis 

We  identified  23  unique  biomarkers  over-represented  in  the  secretions  from  metaplastic 
squamous  bronchial  epithelial  celts  using  comparative  2D-PAGE  analysis  of  the  apical  surface 
fluids  (ASF)  obtained  from  squamous  metaplastic  and  normal  mucociliary  bronchial  epithelial 

cells, 

-  We  found  that  expression  of  the  unique  proteins  SCCA1  and  SCCA2  was  progressively 
increased  in  ti  ansfonmed/tumorigenic  ceil  lines  and  only  detected  in  squamous  cell  carcinoma 
but  not  in  adenocarcinoma  cells. 

*  We  found  that  expression  levels  of  SCCA1 ,  SCCA2,  Annexin  I,  Annexin  II,  S100A8,  and 
Maspin  in  bronchial  lavage  are  not  directly  correlated  with  histological  appearance  of  bronchial 

mucosa  in  heavy  smokers. 

*  We  identified  that  genes  in  the  WNT  pathway,  apoptosis,  and  cell  cycle  are  concurrently 
deregulated  In  non-small  cell  lung  cancer  cells  as  compared  to  organotypicaily  cultured  normal 

bronchial  epithelial  cells. 

*  We  successfully  generated  bronchial  epithelium  recapitulating  in  vivo  bronchial  epithelium 
using  primary  bronchial  epithelial  cells  isolated  from  surgically-resected  lung  tissue  specimens. 

*  Organotypic  culture  of  the  primary  epithelial  cells  isolated  from  patients  with  lung  cancer 
showed  no  obvious  bias  in  growth,  histologic  abnormalities,  or  mucociliary  differentiation. 

*  We  demonstrated  that  primary  bronchial  epithelial  cells  isolated  from  surgically  resected  lung 
tissue  specimens  can  be  used  for  determination  of  the  genetic  susceptibility  in  lung  target 
tissues  assayed  in  DNA  repair  capacity  and  mutagen  sensitivity. 

*  Concurrently  overexpressed  SCCA1  and  Annexin  2  in  the  secretions  from  the  bronchial 
epithelial  ceils  may  serve  as  surrogate  markers  for  lower  DNA  repair  capacity  and  high 
percentage  of  3p  loss  of  heterozygosity  in  corresponding  tumors. 

Project  4:  Prognostic  Role  of  Promoter  Hypermethylation  of  Death-Associated  Protein  (DAP) 
Kinase  and  pf  6  in  Early-Sfage  Non-Small  Cell  Lung  Cancer 

*  We  did  not  observe  significant  statistical  correlations  between  DAP  kinase  methylation  status 

and  subject  characteristics. 

*  We  did  not  observe  significant  statistical  correlations  between  pi 6  methylation  status  and 
subject  characteristics,  but  a  positive  trend  for  increased  pi  6  methylation  and  grade  (p=0.084) 
was  observed. 

*  We  observe  a  higher  frequency  of  p16  methylation  in  ever  vs  never  smokers  (39%  vs  28%, 

p=0.17). 

*  We  did  not  detect  significant  statistical  correlations  between  methylation  status  and  overall 
survival  {pi 6  p=0.13;  DAP  kinase  p=0.56)  or  disease-free  survival  (pi 6  p=0.36;  DAP  kinase 

p=0.71). 
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-  in  multivariate  analyses,  only  age  and  grade  were  significant  predictors  of  overall  survival  and 
disease-free  survival. 


Project  Si  An  Epigenetic  Approach  to  Lung  Cancer  Therapy 

*  We  found  that  5-AZA-CdR,  SAHA,  and  valproic  acid  were  able  to  inhibit  the  growth  of 
premalignani  and  malignant  lung  epithelial  cells  and  head  and  neck  SCCs  in  a  dose 
dependent  fashion.  Normal  oral  epithelial  cells  were  much  less  sensitive;  in  some  of  the  cell 
lines.  5-AZA-CdR  and  SAHA  acted  synergistically. 

*  Both  SAHA  and  valproic  acid  inhibited  the  growth  by  G2  arrest  and  also  induced  apoptosis  in 
HNSCC  celt  lines. 

*  We  found  that  siRNA-mediated  gene  silencing  of  DNMT  can  be  applied  to  inhibit  the  growth  of 

lung  cancer  cells. 

*  SAHA  inhibited  histone  deacetylase  in  normal,  precancerous  and  cancerous  cells,  but 
inhibited  growth  in  only  the  cancer  cells. 

*  inhibition  of  cell  proliferation  by  which  SAHA  and  valproic  acid  may  involve  the  induction  of 
p21  the  induction  of  apoptosis  by  SAHA  and  valproic  acid  includes  activation  of  the 
mitochondrial  pathway  {activation  of  caspase  9  and  caspase  3);  SAHA  also  activated  Fas 
death  receptor  mediated  apoptosis  pathway,  which  involves  caspase  8. 

*  SAHA,  5-aza-CdR  and  their  combinations  inhibited  the  growth  of  human  NSCLC  cells 
implanted  subcutaneously  in  athymic  nude  mice,  demonstrating  anti-tumor  activities  of  SAHA 
and  5-aza-CdR  alone  and  in  combination. 

»  We  discovered  subsets  of  genes  and  networks  that  are  modulated  by  SAHA  and  5-aza-CdR 

and  by  their  combination. 

Project  6  The  Role  of  the  Farnesyi  Transferase  Inhibitor  SCH66336  in  Treatment  of  Carcinoma 
of  the  Aerodigestive  Tract 

*  FT  is  Including  SCH66336  and  R1 15777  induce  growth  arrest  and  apoptosis  independent  of 
Akt  and  Raf/ERK  signaling  pathways  in  human  NSCLC  cells,  and  in  some  NSCLC  cell  lines, 
3CH66336  and  R1 15777  instead  activate  Akt  surviving  pathways,  which  may  lead  to  FT! 

resistance. 

*  FTls  increase  DR5  expression  through  CHOP-dependent  mechanism  that  contributes  to 
SCH66336-ind uced  apoptosis  and  enhanced  TRAIL-induced  apoptosis.  Our  findings  1) 
suggest  that  both  DR5  and  CHOP  can  be  tested  as  predictive  biomarkers  for  FTI-based 
cancer  therapy;  and  2)  warrant  the  future  clinical  testing  of  the  combination  of  a  FTI  with 
TRAIL  :or  therapy  of  human  cancer  including  lung  cancer. 

*  FTls  modulate  the  expression  of  FLIP  either  by  decreasing  or  increasing  its  expression 
depending  on  cell  lines. 

*  '"he  functional  HDAC6  is  required  for  the  synergy  of  SCH86336  with  taxanes 

Project  7;  Mechanisms  and  Therapeutic  Applications  of  the  Tumor  Suppressor  Gene  FUS1  in 
Lung  Cancer 

»  Developed  novel  vectors  for  Fusl -mediated  and  tumor-selected  molecular  cancer  therapy  and 
for  non- invasive  molecular  imaging  for  monitoring  therapeutic  efficacy  by  systemic 
administration  of  FUSI-lipoplex  nanoparticles. 

*  Evaluated  the  therapeutic  efficacy  of  systemic  administration  of  DOTAP:Cho!esteroi:FUSt 
DNA  (FUSI-lipoplex  or  FUS 1  -nanoparticle)  on  human  lung  cancer  growth,  metastases 
development,  and  animal  survival.  We  found  that  treatment  with  FUS1 -nanoparticle  resulted  in 
significant  inhibition  of  lung  tumor  growth  and  metastases. 

»  identified  an  apoptotic  protease  activating  factor  1  (Apafl }  as  the  cellular  target  that  directly 
interacts  with  Fusl  protein  and  found  that  Fusl  functioned  as  a  key  mediator  in  Apafl  - 
mediated  mitochondrial  apoptosis  pathway  by  recruiting  and  directing  cytoplasmic  Apafl 
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protein  to  a  critical  cellular  location  and  activating  it  in  situ,  and  by  upregulating  activity  of  other 
proapoptotic  effectors  such  as  p53  and  dowregulating  anti-apoptotic  mediators  such  as  Bcl2 
family  proteins  for  the  efficient  induction  of  apoptosis. 

*  Studied  the  effects  of  Fusl  in  combination  with  other  tumor  suppressor  genes  such  as  p53 
and  chemotherapeutic  agents  such  as  cisplatin,  taxol,  protein  tyrosine  kinase  inhibitors  on 
tumor  call  proliferation  and  apoptosis  in  vitro  and  in  vivo.  Our  results  suggest  that  co- 
expression  of  FUSt  and  p53  could  synergistically  inhibit  lung  cancer  ceil  growth  and  wildtype 
Fusl  may  play  a  critical  role  in  modulating  the  sensitivity  of  tumor  cells  to  the 
chemotherapeutic  agents,  especially,  to  DNA-damaging  agents  such  as  Cisplatin  and  ionizing 
radiation. 

*  Identified  many  cellular  targets  in  FUS1 -mediated  tumor  suppressor  activities  in  lung  cancer 
celts  by  a  high  throughput  gene  and  protein  expression  profiling  using  technologies  of  gene 
microarrays  and  ProteinChip  arrays. 

-  E  valuated  the  toxicity  of  systemic  administration  of  FUS1 -nanoparticles  in  mice  and  non- 
human  primates  (Monkey)  in  an  AAALAC  accredited  GLP -grade  facility  and  no  signs  of  toxicity 
at  these  therapeutic  dose  levels  were  shown  in  these  animal  models. 

*  Based  on  these  pre-dinical  efficacy  and  toxicity  studies,  a  Phase  !  clinical  trial  with  systemic 
administration  of  FUS1  -nanoparticle  was  designed  and  activated  for  treatment  of  advanced 
stage  lung  cancer  patients  at  M.  D.  Anderson  Cancer  Center. 

^reject  8:  Therapeutic  Targeting  of  bcl-xl  Expression  in  Non-Small  Cell  Lung  Carcinoma 

»  Demonstrated  that  bcl-xl  ASO  and  adenoviral  construct  (x!22)  reduced  bcl-xl  expression  and 
induced  apoptosis  in  NSCLC  lines,  and  sensitized  toe  cell  lines  to  cisplatin,  with  significant 
increases  in  both  cell  death  and  apoptosis  over  either  monotherapy  approach. 

*  Demonstrated  that  ASO  and  x)22  decreased  intraperitonea  I  tumor  burden  in  a  xenograft  model 
of  mesothelioma  by  30%-4G%  and  more  than  80%,  respectively. 

t refect  9:  Use  of  Perfluorocarbons  (PFC)  to  Enhance  Pulmonary  Gene  Transfer 

*  Intratracheal  administration  of  adenovirus  allows  transfection  of  the  lung  parenchyma  only  and 
is  significantly  increased  when  delivered  in  the  presence  of  perfluorocarbon. 

•Jnfortunatelys  pulmonary  transfection  after  repeated  administration  of  adenovirus  with 
perfluorocarbon  intratracheally  is  not  successful. 

•  We  have  explored  DN A; Liposomal  complexes  with  perfluorocarbon  as  well.  Although  in 
vitro  studies  were  promising,  any  complex  containing  cholesterol  given  intrathecally  was 
lethal  and  complexes  without  cholesterol  were  unable  to  transfect  lung  tissue  when 
administrered  intrathecally. 

Project  10:  Development  of  Novel  Murine  Models  of  Lung  Cancer  and  Evaluation  of 
Antlangiogenic  Agents 

*  Developed  and  validated  murine  models  of  orthotopic  and  metastatic  human  lung  cancer 

-  Evaluated  effects  of  ZD6474  alone  and  in  combination  with  chemotherapeutic  agents  or 
radiation  therapy  using  the  orthotopic  and  metastatic  (ung  cancer  models 

*  ZD6474  is  a  potent  inhibitor  of  angiogenesis  that  is  highly  effective  therapeutically  in  an 
orthotopic  model  of  human  lung  cancer  ZD6474. 

*  Taxotere  or  Taxol  enhanced  the  activity  of  ZD6474  in  the  brain  metastatic  models  (lung 
adenocarcinoma),  but  Taxol  antagonized  ZD6474  activity  in  the  bone  metastatic  model. 

Core  B:  Biostatistics  &  Data  Management  Core 

*  In  collaboration  with  Dr.  Ruth  Katz  {Investigator  in  Project  1),  the  Core  analyzed  various  data 
sets  relating  to  the  relationship  between  deletions  of  the  3p  and  lOq  genes  and  overall  survival 
for  patients  with  NSCLC.  The  results  were  published  in  Cancer  (Barkan  el  al.,  2005). 
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»  We  has  also  assisted  Dr,  Charlie  Lu's  project  (Project  4),  In  collaboration  with  Dr.  Lu,  we  have 
analyzed  six  molecular  factors  Including  DAP  kinase  potentially  prognostic  for  overall  survival 
of  resectabie  Stage  I  NSCLC  patients.  The  data  were  published  in  Journal  of  Clinical 
Oncology  (Lu  et  a!.,  2004).  Currently,  we  are  in  the  process  of  analyzing  the  correlation 
between  hypermethylation  of  DAP  kinase  and  patient  survival.  A  manuscript  is  in  preparation 
for  publication  (Lu  et  al.,  2006) 

«  In  addition.  Dr.  Jack  Lee,  in  collaboration  with  Dr.  Reuben  Lotan  (Project  leader  of  Project  5), 
evaluated  the  data  of  growth  inhibitory  and  apoptosis  effects  of  histone  deacetylase  inhibitor 
SAHA  and  demethylating  agent,  5-aza-2-deoxycytidine  on  lung  cancer  cell  lines  generated  in 
Specific  Aim  5.1.  A  manuscript  is  In  preparation  for  publication  (Fujimoto  et  al.,  2006). 
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10,  Ju  Z,  Kapoor  M,  Newton  K,  Cheon  K,  Ramaswamy  A,  Lotan  R,  Strong  LC,  Koo  JS.  Global 
detection  of  molecular  changes  reveals  concurrent  alteration  of  several  biological  pathways  in 
non-small  cell  lung  cancer  cells.  Mol  Genet  Genom  274:141-54,  2005. 

Khijri  FR,  Glssson  8$,  Kim  ES,  Meyers  ML,  Herbst  RS,  Thai!  PF,  Munden  RF,  Statkevich  YP, 
Banged  S,  Thompson  E.  Cascino  M,  Shin  DM,  Papadimitrakopoulou  V,  Kurie  JM,  Kies  MS,  Lee 
JS.  Fosseila  FV,  Hong  WK.  Phase  I  study  of  farnesyi  transferase  inhibitor  (FTI)  SCH66338  with 
paclitaxef  in  solid  tumors.  Clinical  Cancer  Research,  10:2968-76,  2004. 

2.  lee  JJ,  Bekele  BN,  Zhou  X,  Cantor  SB,  Komaki  R,  Lee  JS.  Decision  Analysis  of  Prophylactic 
Cranial  Irradiation  for  Patients  with  Small  Ceil  Lung  Cancer.  J  Clin  Oncol  24:3597-603  2006. 

13.  Lee  JJ,  Feng  L.  Randomized  phase  II  designs  in  cancer  clinical  trials:  current  status  and  future 
directions.  J  Clin  Oncol  23: 4450-7,  2005. 


Page  7S 


Army  Award  D  AMO  57-02- 1-0706;  Principal  Investigator:  Waun  Ki  Hong,  M.D. 
. ’  Reporting  Period  01  September  2002  -  30  August  2008 


30  September  2006 


*4.  Lm  X,  Gu  J,  Lu  C,  Spitz  MR.  Wu  X.  Expression  of  telomere-associated  proteins  as  prognostic 
markers  for  overall  survival  in  patients  with  non-small  cell  lung  cancer.  Clin  Cancer  Res  (in  press), 

2006. 

5  Lu  C,  Soria  JC.  Tang  X,  Xu  XC,  Wang  L,  Mao  L,  Lotan  R,  Kemp  B.  Bekele  BN,  Feng  L,  Hong  WK, 
Knurl  FR  "Prognostic  Factors  in  Resected  Stage  I  Non-Small  Cell  Lung  Cancer  (NSCLC):  A 
Multivariate  Analysis  of  Six  Molecular  Markers”.  J  Clin  Oncol  22:  4575-83,  2004. 

:2.  Oida  Y,  Gopalan,  B.,  Miyahara,  R.,  Inoue,  S.,  Branch,  C.,  Mhashilkar.  A.M.,  Roth,  JA,  Chads,  S,, 
and  Ramesh.  R.  Sulindac  enhances  Ad-mda7/IL-24  mediated  apoptosis  of  human  lung  cancer 
cells.  Mol  Cancer  Ther,  4(2):291-304,  2005. 

'  7 .  Onn  A,  isobe  T,  itasaka  A,  Wu  W,  O’Reilly  M,  Hong  WK,  Fidler  1J,  Herbs!  RS.  Development  of  an 
Orthotopic  Model  to  Study  the  Biology  and  Therapy  of  Primary  Human  Lung  Cancer  in  Nude  Mice. 

Clin  Can  Res  9:5632-9,  2003. 

8  Onn  A  isobe  T,  Wu  W,  Itasaka  S,  Shintani  T,  Shibuya  K,  Kenji  Y,  O’Reilly  MS,  Fidler  IJ,  Herbst 
RS  Epidermal  growth  factor  receptor  tyrosine  kinase  inhibitor  does  not  improve  paclitaxel  effect  in 
an  ortnotopic  mouse  model  of  lung  cancer.  Clin  Cancer  Res  10:8613-9,  2004. 

■8.  Ondate  N.  Lotan  R.  Suppression  of  DNA  methyltransferase  1  levels  in  head  and  neck  squamous 
carcinoma  cells  using  small  Interfering  RNA  results  in  growth  inhibition  and  increase  in  Cdk 
inhibitor  p21.  Int.  J.  Oncology,  26:  757-761, 2005. 

20  Sun  S-Y,  Zhou  Z,  Wang  R,  Khuri  FR.  The  famesyitransferase  inhibitor  Lonafarnib  induces  growth 
arrest  or  apoptosis  of  human  lung  cancer  cells  without  downregulation  of  Akt,  Cancer  Biology  and 

Therapy,  3:1082-8,  2004. 

.  i,  Uno  F,  Sasaki  j,  Nishizaki  M,  Carboni  G,  Xu  K,  Atkinson  EN,  Kondo  M,  Minna  JD,  Roth  JA,  Ji  L. 
Myristoylation  of  the  FUS1  protein  required  for  tumor  suppression  in  human  Sung  cancer  ceils. 

Cancer  Res.  64, 2969-2976,  2004. 

22.  Wei  QY,  Wang  LE,  Sturgis  EM,  Mao  L.  Expression  of  Nucleotide  Excision  Repair  Proteins  in 
Lymphocytes  as  a  Marker  of  Susceptibility  to  Squamous  Cel!  Carcinomas  of  the  Head  and  Neck. 
Cancer  Epidem  Biomarkers  and  Prev  14:1961-6,  2005. 

Manuscripts  In  progress: 

Deng  W,  Uno  F,  Minna  JD,  Roth  JA,  Ji  L.  Synergistic  tumor  suppression  by  coexpression  of  FUS1 
and  pS3  concurrences  with  FUS1 -mediated  down  regulation  of  MDM2,  accumulation  of  p53,  and 
activation  of  Apafl -dependent  apoptotic  pathway  in  human  NSCLC  cells,  (in  preparation) 

2.  Fujimoto  JY,  Men  T,  Lee  JJ,  Kong  M,  Ayers  GD,  Hong  WK,  Lotan  R,  Additive  and  synergistic 
effects  of  5-aza-2‘-deoxycytidine  and  suberoylanilide  hydroxamic  add  (SAHA)  on  human  lung 
carcinoma  cells  in  vitro  and  in  vivo,  (in  preparation) 

3  Futoshi  Uno,  Jiichiro  Sasaki,  Gitanjali  Jayachandran,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji, 
Activation  of  apoptosis  by  tumor  suppressor  FUSl  and  Apaf-t  protein  interaction.  Nature,  2006 
(pending  revision), 

•  Gilienwater  AM,  Zhong  M,  Lotan  R,  Induction  of  apoptosis  in  head  and  neck  squamous  carcinoma 
ceils  oy  the  histone  deacetylase  inhibitor  SAHA  is  mediated  by  both  mitochondrial  and  Fas  (CDS5) 

signaling,  (ready  for  submission) 

5.  isobe  T,  Onn  A,  Wu  W,  Shintani  T,  Itasaka  S,  Shibuya  K,  O’Reilly  MS,  Herbst  RS.  Biology  and 
therapy  of  human  small  ceil  lung  cancer  (SCLC)  in  novel  orthotopic  nude  mouse  models,  (in 

preparation) 

itasaka  S.  Komaks  R,  Shibuya  K,  Shintani  T,  Bucana  CD,  Herbst  RS,  O’Reilly  MS.  Targeted 
therapy  against  VEGF  and  EGF  receptor  signaling  with  blocks  angiogenesis  and  improves  the 
therapeutic  efficacy  of  chemotherapy  in  a  mouse  model  of  lung  cancer  brain  metastasis,  (in 

preparation) 

Kawashima  H.  Jayachandran  G,  Deng  W,  Xu  K,  Minna  JD,  Roth  JA,  Ji  L.  Overcoming  gefltinib 
resistance  in  NSCLC  via  inactivation  of  the  P13K/AKT  signaling  pathway  by  a  combination  of 
FUSl  nanoparticles  and  EGFR  inhibitors,  (in  preparation) 
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Kavvashrma  H,  Uno  F,  Kurie  J,  Minna  JO,  Roth  JA,  Ji  L.  Synergistic  inhibition  of  EGFR  tyrosine 
kinase  activity  and  NSCLC  cell  growth  by  combination  treatment  with  FUS1 -nanoparticle  and 

gefitinib.  (in  preparation) 

Kim  SW,  Cheon  K,  Kim  CH,  Yoon  JH,  Hawke  D,  Kobayashi  R,  Lotan  R,  Hong  WK.  and  Koo  JS. 
Proteomics-Based  Identification  of  Proteins  Secreted  in  Apical  Surface  Fluid  of  Squamous 
Metaplastic  Human  Tracheobronchial  Epithelial  Cells  Cultured  by  Three-Dimensional  Organotypic 
Air-Liquid  interface  Method.  Cancer  Res  (in  review),  2006. 

"0,  Lee  WS,  Jimenez  CA,  Cheon  K,  Ryu  SH,  Wistuba  It,  Liu  D,  Lee  JJ,  Lotan  R,  Hong  WK,  Morice  R, 
and  Koo  JS.  Evaluation  of  Secretory  Proteins  as  Surrogate  Markers  of  Metaplasia/Dysplasia  of 
Lung  Mucos.  (in  preparation) 

1 1.  Lin  X,  Wu  X,  Katz  R,  Shao  L,  Koo  P,  Spitz  MR.  Correlations  of  genetic  instability  markers  in 
surrogate  and  target  tissues  in  lung  cancer  patients,  (in  preparation) 

■  2.  Lu  C.  Wistuba  I,  Zhou  X,  Bekele  BN,  Putnam  JB,  Jr.,  Correa  A,  Mao  L.  Prognostic  role  of 
promoter  hypermethylation  of  death-associated  protein  (DAP)  kinase  and  p  16  genes  in  early- 
stage  non*smali  cell  lung  cancer,  (in  preparation) 

:  3  Diu  Y.  Uu  X  Vue  P,  Lonial  S,  Khun  RK,  Sun  SY.  The  farnesyltransferase  inhibitor  R1 1 5777 
upregulates  DR5  expression  and  enhances  TRAIL-induced  apoptosis  in  human  lung  cancer  cells, 
{Manuscript  completed  and  under  review  by  Johnson  &  Johnson) 

■4.  Schabath  MB,  WeiO,  Greisinger  AJ,  Etzel  CJ,  Spitz  MR.  DNA  repair  capacity  and  prior  respiratory 
disease  jointly  modify  lung  cancer  risk.  Cancer  Res  (submitted),  2006 
;  Sh;buya  K,  Ritsuko  K,  Shintani  T,  Itasaka  S,  Ryan  A,  Jurgensmeler  JM,  Milas  L,  Ang  KK,  Herbst 
RS.  O'Reilly  MS.  Targeted  therapy  against  VEGFR  and  EGFR  with  ZD6474  enhances  the 
therapeutic  efficacy  of  irradiation  in  an  orthotopic  model  of  human  non-small  cell  lung  cancer,  Clin 
Cancer  Res  (submitted),  2006 

id  Snlntani  T,  Lewis  VO,  Komaki  R,  Ryan  A,  Herbst  RS,  O’Reilly  MS.  The  anti-tumor  and 

annangicgenic  effects  of  VEGFR  and  EGFR  blockade  are  superior  to  EGFR  blockade  alone  but 
are  not  enhanced  by  the  addition  of  paclitaxe!  in  a  model  of  lung  cancer  bone  metastasis,  (in 

preparation) 

Sun  SY,  Liu  X,  Zou  W,  Yue  P.  Zhou  Z,  Marcus  Al,  Kburi  FR.  Activation  of  the  death  receptor  5- 
niediated  extrinsic  apoptotic  pathway  contributes  to  farnesyltransferase  inhibitor-induced  apoptosis 
in  human  lung  cancer  cells.  Oncogene  (submitted),  2006, 

3.  Wu  G,  Deng  W,  Jayachandran  G,  Minna  JD,  Roth  JA,  Ji  L.  interaction  of  the  tumor  suppressor 
FUSt  with  PDGFRJ3  inhibits  PDGFR-mediated  proliferation  of  human  lung  cancer  cells,  (in 
preparation) 

•  S.  Wu  W,  O’Reilly  MS,  Langley  R,  Tsan  RZ,  Baker  CH,  Bekele  N,  Tang  XM,  Onn  A,  FidSer  U,  Herbst 
RS  Expression  of  EGF/TGF-aipha  by  human  lung  cancer  cells  determines  response  to  EGFR 
kinase  inhibitors.  Cancer  Res  (submitted),  2006. 

20.  Wu  X,  Isobe  T,  Onn  A,  itasaka  S,  Langley  RR,  Shiiani  T,  Shibuya  K,  Komaki  R.  Ryan  AJ,  Fidle  IJ, 
Herbst  RS.  O'Reilly  MS.  Targeted  therapy  of  the  tumor  and  vascular  components  of  orthotopic 
human  lung  cancer  by  combined  vascular  endothelial  growth  factor  and  epidermal  growth  factor 
receptor  signaling  blockade.  Mol  Cancer  Ther  (submitted),  2006. 

21,  Wu  X,  Lin  J,  Etzel  CJ,  Schabath  MB,  Gorlova  OY,  Zhang  Q,  Dong  Q.  Amos  Ci,  Spitz  MR. 

Interplay  between  mutagen  sensitivity  and  epidemiological  factors  in  lung  cancer  risk.  Am  J  Hum 
Genet  (submitted),  2006. 

2  Znong  M,  Grltenwater  A,  Lotan  R.  Valproic  add  induces  growth  inhibition  and  apoptosis  in  head 
and  neck  squamous  carcinoma  cell  lines,  (in  preparation) 

23,  Zou  W,  Yue  P,  Khuri  FR,  Sun  SY,  The  farnesyltransferase  inhibitor  Lanafarnib  induces  DR5 
expression  through  a  CHOP/GADDI  53-dependent  mechanism,  (in  preparation) 

Meeting  Abstracts: 

Etzel  CJ,  Zhang  Q,  Schabath  M,  Dong  Q,  Wu  XF,  Wei  QY,  Spitz  MR.  Building  a  comprehensive 
quantitative  risk  assessment  model  for  lung  cancer.  Proc  AACR  48:#4Q51  2005. 
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2  Schabatb  MB,  Wei  Q,  Xifeng  Wu  X,  Spitz  MR.  Prior  respiratory  disease,  DNA  repair  capacity,  anc 
inflammation-related  genotypes  modify  lung  cancer  risk.  Proc  AACR  47:#5663,  2006. 

Wang  L,  Siii  Q,  Guo  Z,  Qiao  Y,  Spitz  MR,  Wei  Q.  A  novel  assay  to  measure  the  capacity  to  repair 
N  7-guanine  site-specific  DNA  damage.  Proc  AACR  47:#5661 , 2006. 

Lu  C.  Wistuba  1,  Zhou  X,  Bekeie  BN,  Putnam  JB,  Jr,  Correa  A,  Mao  L.  Prognostic  role  of  promoter 
hvosi-methylation  of  death-associated  protein  {DAP)  kinase  and  p  16  genes  in  early-stage  non¬ 
small  cell  lung  cancer.  Proc  ASCO  24:7216,  2006. 

5  Wu  X  Huang  M.  Gu  J,  Amos  C,  Shao  L,  Zhang  Q  and  Spitz  M.  DNA  repair  and  cell  cycle  control 
pathways  in  lung  cancer  predisposition.  Proc  AACR  47:#5662,  2006. 

w \.  X,  Lin  J,  Etzel  C,  Schabath  M,  Gorlova  O,  Zhang  Q,  Dong  Q,  Amos  C  and  Spitz  M.  Interplay 
between  mutagen  sensitivity  and  epidemiological  factors  in  modulating  lung  cancer  risk,  Proc 

AACR  47:#436, 2006. 

Yang  H,  Spitz  M,  Liu  J,  Gu  J,  Lu  C,  Stewart  D  and  Wu  X,  ATM  haplotype-tagging  SNPs  predict 
non-small  cell  lung  cancer  risk.  Proc  AACR  47:#445,  2006. 

3  Kim  SW,  Kim  CH,  Cheon  K.  Newton  K,  Hawke  0,  Kobayashi  R,  Koo  JS.  Identification  of  markers 
for  squamous  metaplasia  of  bronchial  epithelial  ceils.  Proc  AACR  46,  2005. 

9  Fujimofo  JY,  Hong  WK,  lotan  R.  Antineoplastic  action  of  5-aza-2'-deoxycytidine  and 

suberoylanilide  hydroxamic  acid  (SAHA)  on  human  lung  carcinoma  cells.  Proc  AACR  46:  #1820, 
2005. 

3  Zhang  M.  Gillenwater  A,  Lotan  R.  Valproic  acid  induces  growth  inhibition  and  apoptosis  in  head 
and  neck  squamous  carcinoma  cell  lines.  Proc  AACR  47:#3853, 2006. 

1 1  Carbon i  GL,  Shao  J,  Xu  K,  Gao  B,  Nlshizaki  M,  Schmid  RA,  Minna  JD,  Roth  JA,  JS  L.  Synergistic 
inhibition  of  tumor  cell  growth  by  CACNA2D2  and  p53  via  activation  of  DARK  pathway  in  lung 
cancer.  American  Association  for  Cancer  Research  {AACR),  94th  Annual  Meeting,  Toronto, 
Ontario.  Canada,  April  6-9,  2003,  Proc.  Am.  Assoc.  Cancer  Res.,  44:241-242,  2003. 

12.  Uno  F  Sasaki  J,  Nishizaki  M,  Carboni  G,  Xu  K,  Minna  JD,  Roth  JA,  Jr  L.  Myhstoylation  of  Fusl 
protein  is  required  for  Fusl -mediated  tumor  suppressing  activities  in  human  lung  cancer. 

American  Association  for  Cancer  Research  (AACR),  94th  Annual  Meeting,  Washington,  District  of 
Columbia,  July  11-14,  2003.  Proc.  Am.  Assoc.  Cancer  Res.,  44:75,  2003. 

;  '  Jiichiro  Sasaki,  Futoshi  Uno.  John  D,  Minna,  Jack  A.  Roth,  Lin  Ji.  Enhanced  Sensitivity  of  Tumor 
Cells  to  Chemotherapeutic  Agents  by  Activation  of  FUS1  Tumor  Suppressor  Gene  in  Lung  Cancer 
Cells.  Proceedings  of  The  95th  American  Association  for  Cancer  Research  (AACR)  Annual 
Meeting,  Orlando,  FL,  March  27-31,  2004,  Abstract  #3796. 

14.  Futoshi  Uno,  Jiichiro  Sasaki,  Gitanjali  Jayachandran,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 
Activation  of  Apoptotic  Signaling  Pathway  by  Direct  interaction  between  Tumor  Suppressor  Fusl 
and  Apaf-i  proteins  in  Lung  Cancer  Cells  Back  to  Search.  Proceedings  of  The  95th  American 
Association  for  Cancer  Research  (AACR)  Annua!  Meeting,  Orlando,  FL,  March  27-31,  2004 
{AACR  Scholar-in-Training  Awards),  Abstract  #4821. 

Hiroyuki  Kawashima,  Charles  Lu,  Jonathan  Kurie,  Sunil  Chada,  John  D.  Minna,  Jack  A.  Roth,  Lin 
Jt.  Synergistic  inhibition  of  EGFR  tyrosine  kinase  and  tumor  cell  growth  in  non-small  cel!  lung 
cancer  (NSCLC)  by  combination  treatment  with  FUS1 -nanoparticles  and  Gefitinib.  ASCO  Annual 
Meeting,  Orlando,  Florida,  May  13-17,  Abstract  No:  7081,  2005. 

16.  Hiroyuki  Kawashima,  Futoshi  Uno,  Jonathan  Kurie,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 

Synergistic  inhibition  of  EGFR  tyrosine  kinase  activity  and  NSCLC  cell  growth  by  combination 
treatment  with  FUS1  -nanoparticle  and  gefitinib.  American  Association  for  Cancer  Research 
AACR),  96th  Annual  Meeting,  Anaheim,  CA,  April  16-20,  2005,  Proc.  Am.  Assoc,  Cancer  Res., 
Vol.  46.  #2707 

,  Wuguo  Deng,  Futoshi  Uno,  John  D  Minna,  Jack  A.  Roth,  Lin  Ji,  Synergistic  tumor  suppression  by 
coexpression  of  FUS1  and  p53  concurrences  with  FUS1 -mediated  down  regulation  of  MDM2, 
accumulation  of  p53,  and  activation  of  Apafl  -dependent  apoptotic  pathway  in  human  NSCLC 
cells  American  Association  for  Cancer  Research  (AACR),  96th  Annual  Meeting,  Anaheim,  CA. 
April  16-20,  2005,  Proc.  Am.  Assoc.  Cancer  Res.,  Vol.  46.  #3516 
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'i  Gopalan,  8.,  Branch.  C.D.,  Stephens,  L.C.,  Roth,  J.A.,  Ramesh,  R.  A  novel  strategy  for 
suppressing  toxicity-mediated  by  systemic  delivery  of  DNA-nanoparticles.  Proc.  Am.  Assoc. 

Cancer  Res.,  46:788,  abstract  #  3345,  2005. 

19..  Hiroyuk:  Kawashima.  Giianjalf  Jayacbandran,  Wuguo  Deng,  Kai  Xu,  John  D.  Minna,  Jack  A.  Roth, 
Lin  Ji.  Overcoming  geffinib  resistance  in  NSCLC  via  inactivation  of  the  PI3K/AKT  signaling 
pathway  by  a  combination  of  FUSt  nanoparticles  and  EGFR  inhibitors.  American  Association  for 
Cancer  Research  (AACR),  97th  Annual  Meeting,  Washington  DC,  April  1-5, 2006,  Proc.  Am. 
Assoc.  Cancer  Res.,  Vol.  47.  #5426. 

20.  Guartglin  Wu,  Wuguo  Deng,  Gitanjali  Jayachandran,  John  D.  Minna,  Jack  A.  Roth,  Lin  Ji. 
interaction  of  the  tumor  suppressor  FUS1  with  PDGFRjS  inhibits  PDGFR-mediated  proliferation  of 
human  lung  cancer  cells.  American  Association  for  Cancer  Research  (AACR).  97th  Annual 
Meeting,  Washington  DC,  April  1-5,  2006.  Proc.  Am.  Assoc,  Cancer  Res.,  Vol.  47.  #1460.  (AACR 

Schoiar-in-Tralning  Awards). 

2 1 .  Hitteiman  W  N.  Wang  G,  Koo  JSP,  Lu,  T.  The  spatial  distribution  and  etiology  of  genetic  instability 
in  organotypic  bronchial  epithelial  cell  cultures.  Proc.  AACR  46:3527,  2005. 

22  Lu  T,  Hitteiman  WN,  Assessment  of  subcional  evolution  in  human  bronchial  epithelial  cell  lines 
progressing  toward  malignancy  by  fluorescence  inter-simple  sequence  repeat  PCR.  Proc  AACR 

44:894,  2003, 

Hitteiman  WN.  Improvement  and  application  of  fluorescence  inter-simple  sequence  repeat 
ooiymorphtem  chain  reaction  for  the  study  of  subcional  growths  in  lung  epithelial  cell  populations. 

Chest  125  (Suppl.  5):1 10-1  IIS,  2004. 

24  Lu  T.  Hitteiman  WN,  Quantitative  fluorescence  inter-simple  sequence  repeat  PCR  for  subcional 
analysis  of  bronchial  cell  populations.  Proc  AACR  45,  2004. 

25,  Lu  T.  Wistuba  II.  Hitteiman  WN.  Detection  of  clonal  and  subcional  outgrowths  in  the  upper 
aerodigestive  tract  of  current  and  former  snookers  with  lung  cancer.  Proc  AACR  46:#2230, 2005. 

26.  Lu  T.  Wistuba  11,  Hitteiman  WN.  Existence  of  clonal  and  subcional  outgrowths  in  the  bronchial 
epithelium  and  stroma  of  current  smokers.  Proc  AACR  47:#462,  2006. 

7.  Sh.buya  K,  Komaki  R,  Shintani  T,  Wu  W,  Itasaka  S,  Isobe  T,  Ryan,  A,  Hsrbst,  RS,  O’Reilly,  MS. 
Combined  blockade  of  VEGFR  and  EGFR  with  ZD6474  enhances  the  anti-tumor  and  anti-vascular 
effects  of  radiation  therapy  in  an  orthotopic  mouse  model  of  human  lung  cancer.  Proceedings  of 
AACR:  #582 8,  2005. 

.  6  Shintani  T,  Lewis  VO,  Komaki  R,  Wu  W,  Ryan  A,  Herbst  RS,  O’Reilly,  MS.  ZD6474  inhibits  human 
lung  cancer  bone  metastases  In  a  murine  model  by  targeting  both  the  tumor  and  its  vasculature. 

Proceedings  of  AACR;  #5844,  2005. 

29.  Isobe  T.  Onn  A,  Wu  W,  Shintani  T,  itasaka  S,  Shibuya  K,  Hong  WK.  O’Reilly  MS,  Herbst  RS. 
Bioiogy  and  therapy  of  human  smali  cell  lung  cancer  (SCLC)  in  novel  orthotopic  nude  mouse 

models.  Proceedings  of  AACR: #51 36, 2004, 

0  Wu  W.  Onn  A,  Shintani  T,  Herbst  RS,  O’Reilly  MS.  Z06474  enhances  the  anticancer  efficacy  of 
Paciitaxftl  in  human  Lung  Cancer  Models.  Angiogenesis  7(Suppl  1):25,  2004. 

.  Sh  ouya  K,  Komaki  R,  Wu  W,  Shintani  T,  Itasaka  S,  Isobe  T,  Ryan  A,  Herbst  RS,  O’Reilly  MS. 
Targeted  therapy  against  VEGFR  and  EGFR  signaling  with  ZD6474  enhances  the  therapeutic 
efficacy  of  irradiation  in  an  orthotopic  mouse  model  of  human  non-small  cell  lung  cancer.  Int'i  J 
Radiation  Oncol,  Biology,  Physics  60(1  Suppl  S):S1 49-50,  2004. 

52,  Wu  W.  Shintani  T,  O’Reilly  MS,  Herbst  RS.  Blocking  VEGF  and  EGF  receptor  signaling  with 
2D6474  sensitizes  human  non-small  cell  lung  cancer  tc  chemotherapy  with  paclitaxel.  Europ  J 
Cancer  Suppl  2(8  suppl):50,  2004. 

Wu  W,  Isobe  T,  Itasaka  S,  Shintani  T,  Langley  RR,  Onn  A,  Hansen  JC,  O'Reilly  MS,  Herbst  RS. 
ZD6474,  a  smali  molecule  targeting  VEGF  and  EGF  receptor  signaling,  inhibits  lung  angiogenesis 
and  metastasis  and  improves  survival  in  an  orthotopic  model  of  non-small  cell  lung  cancer. 
Proceedings  of  AACR;  #  4551,  2004. 

34.  Wu  W,  Isobe  T.  Onn  A,  Shintani  T,  Itasaka  S,  Shibuya  K,  Langley  RR,  Hansen  JC,  Fidler  U,  Ryan 
AJ.  Herbst  RS,  O'Reilly  MS.  Targeted  therapy  against  VEGF  and  EGF  receptor  signaling  with 
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206474  blocks  angiogenesis  and  inhibits  the  growth  and  dissemination  of  orthotopic  human  lung 
cancer  in  mice.  Clin  Cancer  Res  9(18  Ft  2):6143s,  2003. 

Project-generated  grants: 

Charlotte  Geyer  Foundation  Fund.  The  grant  titled  “Systemic  Non-Viral  Gene  Therapy  for  Lung 
Cancer*.  The  preliminary  data  far  this  grant  application  was  partly  generated  from  studies 
conducted  in  Project  7  of  TARGET.  Pi:  Lin  Ji,  Ph.D 

2  NIH  U01 :  Mouse  Models  of  Human  Cancers  Consortium  4/1/2004-3/31/2009 
Projects  2  and  5:  Modeling  Airway  Lung  Cancer  and  the  Roie  of  inflammation 
Project  leaden  Lin  Ji,  Ph.D. 

3.  NCI  Lung  Cancer  Program  Project  Grant  (P01):  “Targeting  cell  signaling  in  lung  cancer  to 
enhance  therapeutic  efficacy.”  PI:  Fadlo  R.  Khurl.  Duration:  04/01/06  -03/31/11. 

Project-generated  clinical  trials: 

r  ased  on  the  preclinical  findings  from  the  TARGET  projects,  we  have  designed  2  clinical  trials: 

;  pnase  II  clinical  trial  with  antiangiogenic  agent  ZD6474  in  combination  with  chemotherapic 
agents  in  NSCLC  patients  (Pi:  Roy  Herbst,  M.D.,  Ph.D) 
onase  II A  phase  II  randomized  trial  of  treatment  of  malignant  pleural  effusion  with  ZD6474,  a 
novel  VEGFR  and  EGFR  tyrosine  kinase  inhibitor  (a  part  of  IMPACT).  (PI:  Roy  Herbst,  M.D., 
Ph.D.) 

Patents  (Granted  and  Pending): 

1  Ji  L,  Roth  JA.  Detection  of  Expression  and  Pos translations!  Modification  of  Fusl  Protein  on 
ProteinChip  Array  by  SELDi-TOF-MS.  MDA04-107,  2004  . 

ji  Roth  JA,  Minna  JD,  Lerman  Mi.  Chromosome  3p21 .3  genes  as  tumor  suppressors.  U.S. 
Patent,  US-2004-001 6006-A1 ;  World  Patent:  WO  02/0451 1  A2.  2004. 

3  Jacki  Lin,  Ralph  B.  Ariinghaus,  Lin  Ji,  Jack  A.  Roth,  Inhibition  of  Abi  Kinase  by  FUS1  Peptide, 
MDA05-O48,  January  25,  2005. 

<  Lin  ji.  Jack  A.  Roth,  A  Novel  Therapeutic  FUSl  (FP>  and  FP-Nanopartide  mediated  Inhibition  of 
PTK  Activities  and  Tumor  Ceil  Growth,  MDA05-058,  March  4,  2005. 

Giianjali  Jayachandrars.  Kevin  Coombes,  Jack  Roth,  Lin  Ji.  High  throughput  serum 
phosphopeptide  profiling  for  early  detection,  molecular  classification,  and  diagnosis  of  lung  cancer. 

MDA06-040,  2006  (pending). 

P roject-ge ne rated  resources: 

Our  NCI-funded  Lung  SPORE  project  builds  upon  this  specimen  and  data  resource.  The  SPORE 
roject  is  evaluating  telomere  length  in  peripheral  blood  lymphocytes  and  bronchial  brushings  from 
ne  same  patients  as  enrolled  in  our  DOD  project.  We  are  also  performing  FISH  studies  on  3p  and 

I0q  in  sputum  as  early  detection  markers. 


CONCLUSIONS: 

ho  TARGET  program  has  proceeded  as  we  originally  proposed,  with  few  subsequent  modified  aims. 
We  have  completed  the  approved  tasks  as  detailed  in  this  report.  We  have  published  22  peer- 
reviewed  articles  with  23  additional  manuscripts  in-process  for  publication.  Based  on  the  research 
findings,  our  investigators  have  applied  for  and  been  awarded  3  research  project  grants  {1  NCI  Lung 
POT  i  NCI  U01,  and  1  from  a  private  foundation),  and  developed  2  clinical  trials  that  are  activated  at 
■  i  D  Anderson  Cancer  Center.  In  addition,  we  have  filed  and  been  granted  5  patents  for  scientific 
discoveries. 


Conclusions  are  as  follows: 
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Project  1:  Mutagen  sensitivity  (a  measure  of  overall  genetic  instability)  unmasked  by  in  vitro  exposure 
■  o  me  mutagen,  uenzo-a-pyrene,  is  a  marker  of  constitutional  genetic  susceptibility  and  is  correlated 
with  genetic  aberrations  in  bronchial  epithelial  ceils  and  uninvolved  lung  tissue,  but  not  the  cancer 
■issue.  Latent  genetic  instability  in  lymphocytes  reflects  generalized  genetic  instability  in  the  normal, 
but  not  cancerous  target  tissue. 

Project  2:  The  fluorescent  inter-simple  sequence  repeat  PCR  (FISSR-PCR)  studies  confirm  the  in 
situ  hybridization  results  and  demontrate  that  this  technology  is  useful  for  quantifying  the  extent  of 
renal  and  subclonal  outgrowths  in  the  bronchial  epithelium,  and  also  demonstrated  that  the  stroma 
underlying  the  damaged  bronchial  epithelium  could  undergo  clonal  change  and  evolution,  suggesting 
that  the  stroma  may  play  a  significant  role  in  lung  tumorigenesis. 

Project  3:  ; )  Secreted  proteins  (secretome)  from  premalignant  or  malignant  lung  cells  hold  promise 
as  potential  biomarkers  to  detect  early  lung  cancer;  2)  Expression  levels  of  individual  biomarkers 
identified  in  secretions  from  metaplastic  squamous  cells  in  bronchial  lavage  are  not  directly  correlated 
with  histological  appearance  of  bronchial  mucosa;  3)  Primary  bronchial  epithelial  cells  isolated  from 
woncnial  mucosa  of  patients  (64  cases)  with  lung  cancer  will  be  useful  resources  to  understand  the 
mechanisms  of  lung  carcinogenesis,  particularly  molecular  abnormalities  in  epithelial  cells  adjacent  to 
tumor .  In  addition,  they  may  have  potential  value  to  determine  sensitivity  or  resistance  to  therapy  of 
patients  by  performing  treatment  simulation  in  vitro. 

Project  4:  In  this  relatively  large  cohort  of  early-stage  NSCIX  patients,  we  did  not  detect  significant 
statistical  correlations  between  the  promoter  methylation  of  pi 8  and  DAP  kinase  and  clinical 
outcomes.  Further  subset  analyses  stratified  by  gender  and  histology  will  be  performed.  The 
prognostic  role  of  these  biomarkers  in  NSCLC  remains  unclear.  However,  this  project  has  produced  a 
valuable  clinicai-pathological  database.  We  have  already  begun  a  second  study  analyzing  the 
prognostic  rale  of  the  forkhead  transcription  factor  FOX03a  in  this  patient  population. 

Project  5:  The  epigenetic  modulators  (demethylating  agent  5-aza-CdR  and  histone  deace tyiase 
inhibitors  SAHA  and  valproic  acid)  exert  growth  inhibitory  and  apoptosis-inducing  activity  in  HNSCC 
ceils  and  premalignant  and  malignant  lung  epithelial  cells  in  vitro ,  and  SAHA  and  5-aza-CdR  are  also 
active  m  vivo  especially  in  combination.  These  results  strongly  support  that  this  combination  should 
-  investigated  further  for  therapeutic  use  in  patients  with  this  malignancy. 

Project  6:  Farnesyl  transferase  inhibitors  SCH66336  and  R1 15777  induce  apoptosis  by  increasing 
TR5  expression  and  TRAIL-Indueed  apoptosis,  independent  of  downregulating  Akt  and  Raf/ERK 
pathways,  and  DR5,  c-FUP,  and  CHOP  are  FTf-regulated  proteins.  The  synergistic  effect  of 
SCH88336  with  taxanes  required  the  functional  HDAC6. 

Project  7;  The  study  revealed  a  novel  molecular  mechanism  of  FUS1 -mediated  tumor  suppression 
function  in  vitro  and  in  vivo.  A  novel  DOTAP:Cholesterol:FUS1  plasmid  DNA-nanoparticle  for  systemic 
veatn  em  of  Sung  cancer  was  developed  and  tested  preefinically,  Based  on  these  preclinical  efficacy 
vi;  .o deity  studies,  a  Phase  I  clinical  trial  with  systemic  administration  of  FUSI-nanoparticle  was 
©signed  and  approved  and  is  open  currently  for  advanced  stage  lung  cancer  patients  at  M.  D. 
Anderson  Cancer  Center. 

Project  8:  The  bcl-2  antisense  oligonucleotide  (ASO)  effectively  blocked  the  bci-2  expression  in  vitro , 
but  the  limitation  of  the  in  vivo  applicability  of  this  antisense  approach  makes  it  less  advantageous 
than  the  newly  emerged  siRNA  strategy  for  future  use. 

Project  9:  The  project  did  not  generate  any  positive  results.  The  investigator  discontinued  the  study. 
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Project  10:  We  conclude  that  1}  the  orthotopic  murine  model  of  lung  cancer  is  a  valuable  too!  to  test 
the  antianglogenic  agents  and  their  combination  with  cytotoxic  agents;  2}  The  model  provides  a 
rational  basis  for  development  of  anti-angiogenic  therapy  with  conventional  and  emerging  modalities 
'hr  treatment  of  lung  cancer;  3)  ZD6474  is  a  potent  inhibitor  of  angiogenesis  that  is  highly  effective 
nerapeutically  in  an  orthotopic  model  of  human  lung  cancer.  It  will  be  prudent  to  develop  ciinica! 
elegies  for  the  combination  of  specific  protein  tyrosine  kinase  inhibitors  that  block  both  EGFR  and 
VEGPR  signaling. 

Siostatistics  &  Data  Management  Core:  The  Core  has  provided  solid  biostatistica!  support  for  the 
TARGET  projects  from  the  initial  study  design  to  completion  of  data  analysis  and  publication.  It  is  a 
valuable  component  of  the  program. 
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APPENDIX  I  (LOT AN  TARGET  REPORT) 

Table  2.  Genes  showing  increased  expression  after  treatment  of  HNSCC 
cells  with  SAHA  (4  //M;  24  hr) 
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2.11  major  histocompatibility  complex,  class  I.  C#H|_A-C 

2.10  hypothetical  protein  FLJ2.2882#FU22662 

2.10  interferon,  alpha-inducible  protein  (clone  IFM5K)#G1P2 

2.09  thioredoxin  interacting  protelnSTXNIP 

2.08  nitric  oxide  synthase  3  (endothelial  cell)  III  nitric  oxide  synthase  3  (endothelial  cell)#NO; 
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Table  3.  Genes  showing  decreased  expression  after  treatment 
of  HNSCC  cells  with  SAHA  (4//M;  24  hr) 

Log2Fold 
Change  NAME 

-2.00  dihydrofolate  reduclase#DHFR 
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lable  4.  Genes  showing  increased  expression  after  treatment  of  HNSCC  ceils  with  5-AZA-CdR  (1  jjM~  4days) 
Log2Fold 

Change  Name  of  gene 
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aldo-keto  reductase  family  1 ,  member  C2  (dihydrodtol  dehydrogenase  2;  bile  acid  binding  protein;  3-alpha  hydroxysteroid 
dehydrogenase* 

2.90  type  III)#AKR1C2 

2.83  carctnoembryonic  antigen-related  cell  adhesion  molecule  7#CEACAM7 

2.75  aldo  keto  reductase  family  1,  member  Cl  (dihydrodtol  dehydrogenase  1;  20-alpha  (3-aSpha)-hydroxysteroid  dehydrogenase) 


#AKR1 C 1 

2  75  hydroxyprostagtandin  dehydrogenase  15-(NAD)#HPGD 
2  73  hypothetical  protein  FLJ20i51#FLJ20151 
2  72  hypothetical  protein  FLJ20 1 51#FLJ20 1 51 
2 .66  Kruppef-like  factor  4  (guf)#Ki.F4 
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2.27  iduronate  2-sutfatase  (Hunter  syndrame)#IDS 

2.25  aido-keto  reductase  family  1,  member  BIO  (aldose  reduetase)#AKR1BlO 

2.24  KIAA01 52  gene  producWKI  AA01 52 

2.24  myogenic  factor  3  ill  myogenic  factor  3#MYOD1 


2  23  tumor  necrosis  factor  receptor  superfamily,  member  21#  T NFRSP 2 1 
2.23  dual  specificity  phosphatase  5#DUSP5 
2  20  amyloid  beta  (A4)  precursor-like  protein  1  #APL  P 1 
2 .20  mucin  1 3.  epithelial  transmembraneffMUCI  3 
2  18  heat  shock  70kDa  protein  1  A#HSPA1  A 
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Table  5.  Genes  showing  decreased  expression  after  treatment  of  HNSCC  cells  with  5-AZA-CdR 
(1  4days) 

Log2Fotd 

Chans®  NAME 
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-2.15  interferon  induced  transmembrane  protein  3  (1-8U)#iFiTM3 

-2.16  KIAA1 393#KIAA1 393 

-2.19  kinesin  family  member  20A#KIF20A 

-2.21  BUB1  budding  uninhibited  by  benzimidazoles  1  homoiog  beta  (yeast)#BUB1  B 


*2.21  high-mobility  group  box  3#HMGB3 

-2  22  acetyf-Coenzyme  A  apstyltransferase  2  (acetoocetyl  Coenzyme  A  thioiase)SACAT2 

*2.23  SMC4  structural  maintenance  of  chromosomes  4-like  1  ( yeast  )#SMC4L1 
*2.24  Homo  sapiens  similar  to  RIKEN  cDNA  2010001  EOS  (LOC375201),  rrtRNA# . 
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-2.53  ribonucleotide  reductase  Ml  polypeptide#RRM1 

-2.53  polymyositis/scleroderma  autoantigen  1,  75kDa#PMSCL1 

-2.53  asp  (abnormal  spindles-like,  microcephaly  associated  (Drosophila }#ASPM 

*2.53  aquaporin  3#AQP3 


-2.58  interleukin- 1  receptor-associated  kinase  1WRAK1 

-2.58  MAD2  mitotic  arrest  deficisnt-tike  1  (yeast }#MAD2Li 
-2 .82  forfchead  box  M 1  #F OXM 1 
-2.67  topoisomerase  (DNA)  tl  alpha  1 70kDa#TOP2A 
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-3.82  cycltn  B2#CCNB2 

-3.85  high-mobility  group  box  2#HMGB2 

-3.91  insulin-like  growth  factor  binding  protein  7#iGFBP7 

-4.17  ribonucleotide  reductase  M2  po!ypeptide#RRM2 


-4.28  insulin  like  growth  factor  binding  protein  7#IGFBP7 
-4.4S  KIAA0101  gene  product#KIAA0l01 
-4.58  thymtdylale  synthetase#TYMS 


Table  6.  Genes  showing  increased  expression  after  treatment  of  HNSCC  ceils  with  5-AZA-CdR  (1  pi/I  4 
days)  and  SAHA  (4  pM  last  24  hr  of  the  A2A  treatment)  compared  to  untreated  control  celts. 
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2.29  uroplakin  1B#UPK1B 

2.29  iduronate  2-sulfaiase  (Hunter  syndrome}//! DS 

2,28  acetylserotonin  0-methyttransferase-llke#ASMTL 

2.27  MHC  class  I  polypeptide-related  sequence  Bf/MICB 

2.27  cercinoembryonic  antigen-related  celt  adhesion  molecule  7#CEACAM7 
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2  26  tubulin  beta  MGC4083#MGC4083 
2.25  riboflavin  kinase#FLJ1 1149 
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2.15  CD9  antigen  {p24)#CD9 

2.15  melanoma  antigen,  family  A,  MMAGEA8 

2.14  hydroxysteroid  {17-beta)  dehydrogenase  2#HSD17B2 

2.14  histone  2,  H2be#HIST2H2BE 

2.11  pM5  protein#PM5 


2  10  thiorBdoxin  interacting  protein#TXNIP 

2.10  chromosome  21  open  reading  frame  4  ///chromosome  21  open  reading  frame  4#C21orf4 

2  09  lagged  1  (Alagille  syndrome)#  J  AG  1 

2.09  v-maf  musculoaponeurotic  fibrosarcoma  oncogene  homolog  F  favian)#MAFF 
2.09  cadherin  17.  LI  cadherin  (liver-  inteatine)#CDH  1 7 
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T  able  7.  Genas  showing  decreased  expression  after  treatment  of  HNSCC  celts  with  5-A2A-CdR  (1  pM  4 

days)  and  SAHA  (4  //M  last  24  hr  of  the  AZA  treatment, 
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-2,38  chromosome  6  open  reading  frame  48#C6orf48 

-2.39  glutaminyi-tRNA  synthetase#QARS 

-2.40  nucieosome  assembly  protein  1-like  1#NAPl  LI 

-2.40  laminin  receptor  1  (ribosomal  protein  SA,  67kDa)#LAMR1 


-2.49  enoyl  Coenzyme  A  hydratase  1 ,  peroxisomaWEC H 1 

■2.50  ATP  synthase,  H+  transporting,  mitochondria!  FO  complex,  subunit  c  (subunit  9),  isoform  2#ATP5G2 
■2  51  high-mability  group  nudeosomal  binding  domain  28HMGN2 
-2.54  macrophage  migration  inhibitory  factor  (gtycosyiation- inhibiting  factor>#MIF 
-2  54  ribosomaf  protein  S9#RPS9 


CM 

CM 


£  < 
m  z 
o  DC 


E 

m 

m 


m  □ 
O  w 
~Q  > 


CL 

tr 

1 
CO  CM 
O)  CM 
co  ~J 

t— 

ll 

stf  2 

CL 

m  — 
a?  2 
co 


fv 
£L 
m 
u* 

O 
p 
c 

s 

£ 

& 

to 


CM 

££ 

O 

SO 

O 

CM 

m 

a 

os 

o 

+C& 

£ 

s 

o:i 

■Q 


^  ^ 
d 

B  2  c 
£  8 


p 

CM 


0L 

&  _  _ 
%  1;  J  O 
j2  £  W 
09  Q  g  U> 
^  00  -D  CD 

C  ^  sr  Q* 

ills 

^  bs  >  o 
-  os  =  E 
p  iS  o  3 

I  e  £  » 

8  =  i;  ~ 

Jp  M  t»3 
™  ,2  lc  02 


PO  C&  CO  £0 
ip  to  co  fflD 
CMCMCMCMCMCMCMCM 


wr>  CO 

CO  CO 


OKr  MO 
®  Q  OOfO 
CM  CM  CO  CO  on 


Appendix  II  (Lotan  Target  final  report) 


Zhmg  M,  Gillen  water  A,  Lotan  It  Valproic  acid  induces  growth  inhibition  and 
apoptosis  in  head  and  neck  squamous  carcinoma  ceil  lines 


Figure  1.  H&K  cancer  cells  (A  and 
B))  were  more  sensitive  to  VPA- 
induced  growth  inhibition  than  oral 
leukoplakia  (Leukl )  and  normal 
oral  keratinocytes  (NOK)  isolated 
from  gingiva  (C).  All  cells  were 
treated  with  various  concentrations 
of  VP  A  for  3  days  before  growth 
inhibition  (GI)  was  measured  and 
IC50  determined  by  interpolation 
from  the  dose  response  curves. 
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figure  2.  VPA  induced  apoptosis  in  a  dose-dependent  manner.  1 7B  ceils  were  treated 
with  various  concentrations  of  VPA  for  16  hrs  before  they  were  harvested  and  used  for 
the  fLNEL  (A)  and  DNA  fragmentation  (B)  assays. 


A: 


Norton  Blotting 

VPA(  mM);  ^ 

p21  HP 
GAPDH  -I* 


10 


iHR 


p53  -*4f 

GAPDH  _^J 

B:  Western  Slotting 

p2i  -mi 
Actin  mi 


Aciin 

C:  Western  Blotting 

Ac&tyl-^flstone  HZ  j 
AcotyJ-Histon^  H4 


Staled  *  §#l 


9 


Figure  3.  VP  A  induced  p2 1  but 
not  p53  mRNA  and  protein 
expression  in  H&N  I7B  cells  (A), 
and  (B)  also  acted  as  a  hi stone  H3 
and  H4  deacetylase  inhibitor  (C). 

1 7B  cells  were  treated  with  VP  A 
for  1 6  hrs  before  cells  were 
harvested  for  Northern  (A),  and 
Western  blot  analyses  (B)  and  (€}. 
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Figure  4.  Effects  of  VPA  on 
expression  of  apoptosis-related 
genes.  17B  cells  were  treated  with 
VPA  for  16  hrs  before  ceils  were 
harvested  for  Western  blot 
analysis. 
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Figure  5.  The  caspase  inhibitor  Z- 
VAD-FMK  blocked  VPA-indueed 
apoptosis  in  17B  cells.  Cells  were 
treated  with  various  concentrations 
of  VP  A  alone  or  a  combination  of 
150  pM  Z-VAD-FMA  and  VPA  for 
16  hrs,  DNA  fragmentation  was 
estimated  by  an  ELISA  assay. 
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Figure  6.  Effects  of  VPA  on 
expression  of  genes  involved  in 
death  receptor  DR5-mediated 
apoptosis  pathway.  1 7B  cells  were 
treated  with  VPA  for  1 6  hrs  before 
cells  were  harvested  for  Western 
blot  analysis,  except  for  TRAIL 
which  was  analyzed  by  RT-PCR. 


Ca$paso-8 


Apoptosis 


Figure  ?,  siRNA  DR5  and  siRNA 
FADD  blocked  VPA-induced 
apoptosis.  1 7B  cells  were  transfected 
with  siRNA  for  48  hrs  prior  to  the 
treatment  of  5  mM  of  VP  A  for  16  hrs 
Cells  were  subjected  to  Annexin  V 
apoptosis  assay  (A)  and  Western  blot 
analysis  (B). 
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Figure  8.  Synergistic  effects  of 
VPA  and  TRAIL  on  apoptosis 
induction.  1 7B  cells  were  pretreated 
with  TRAIL  for  30  min  and  then 
co-treated  with  5  mM  VPA  for  16 
hrs.  Apoptosis  was  examined  by  the 
Annexin  V  assay. 
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Comparison  of  Molecular  Abnormalities  in  Bronchial 
Brushings  and  Tumor  Touch  Preparations 

P&tmtia!  l/se  of  Fluorescence  In  Situ  Hybridization  to  identify  Predictive  Markers  in 

Ssrty- Stage  Lung  Carcinomas 


BACKGROUND.  Preneopi&stk  lung  lesions  and  eariy-siage  lung  carcinomas  am 
associated  with  molecular  abnormalities*  The  authors  performed  a  pilot  study  to 
evaluate  the  use  of  O KA  Mmrmmncz  in  sim  hybridization  (FISH)  probes  to 
ascertain  whether  gitee  biomarkers  can  predict  no  ns  mail  cell  lung  carcinoma 
mmiQu 

METHODS,  Fourteen  bronchia!  brushing^  ipsikleraJ  io  the  tumor  {BB/Tkh  tumor 
touch  tin  points,  and  touch  imptmts  of  the  bronchus  adjacent  to  the  tumor  ob¬ 
tained  from  15  patients  with  earths tags  NSGLC  were  analysed.  The  LhVy&im 
multicolor  probe  set  oommm$  of  probes  m  5pl5*  6,  ?pt2h  and  a q2  and  the 
in-house  probes  3p22.1  and  H!q22  was  used.  :  Jsing  the  iJWysion multicolor  probe 
25  epithelial  calls  were  counted  and  considered  positive  if  >  5  cells  were 
abnormal*  Using  3p22J  and  I0q22,  ^  100  nuclei  per  slide  wem  scored*  The  results 
were  labulaietl  as  the,  percentage  of  cells  with  deletions  compared  with  the  certfro^ 
meric  probes  j  and  JO*  Greater  than  2%  of  the  deletions  were  positive  for  3p22J  and 
U>q22.  Bronchial  wmhlnp  tom  patients  without  hmg  rumors  were  used  as  controls 
RESULTS*  The  BB/T&  wmt  negative  for  malignant  ceils  by  cytologic  evaluation  and 
the  LAVysion  probe  $ct:  however*  die  combined  in-house  probes  for  3p22. 1  and 
}Qq22  tested  oh  BB/Is  predicted  cancer  in  100%  of  cancer  patients*  Ff$H  positivity 
in  die  lung  cancers  was  100%  for  3p22, 1  deletions,  79^  for  I0q22  deletions,  and 
57%  For  LAVysitm  probes.  When  compared  with  the  bronchial  epithelium,  rumor 
colls  showed  a  7 -laid  excess  of  3p22A  deletions*  a  2-fold  excess  of  10q22  dele- 
cions*  arid  a  12, 6- fold  excess  of  abnormal  cidM. 

CONCLUSIONS*  the  eurrem  study  indicated  that  detection  of  molecular  abnormal* 
1  he*  in  bronchial  epithelial  ceils  via  PISH  was  very  useful  m  identifying  patients  at 
higli  risk  for  developing  lung  carcinoma*  The  molecular  abnormalities  identified  in 
the  RBmweredetecfed  ai  elevated  levels  in  the  tumor  spedmen^  Cmmr  (Cancer 
Cywpath&l)  2005;105:E5-4H,  t)  20&I  American  Comer  Society, 

KEYWORDS:  lung,  amtsmaii  ceil,  cancer*  fluorescence  in  situ  hybridization,  early 
detecHu*^  bronchial  brushing* 
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Lung  carcinoma  is  the  leading  cause  of  cancer 
deaths  and  accounts  for  28%  of  all  deaths  in  the 
United  Stales  annually.  Furthermore,  the  American 
i lancer  Society  estimated  drat  there  would  he  169,500 
new  cases  of  lung  carcinoma  in  2001.*  The  mortality 
rate  of  lung  carcinoma  is  almost  90%.  and  the  5-year 
survival  rate  in  patients  with  advanced-stage  lung  car¬ 
cinoma  is  2,5%“''  The  high  mortality  rate  is  due,  in 
pari,  u>  the  lack  of  an  effective  diagnostic  modality  for 
detection.  Although  chest  X-rays  and  sputum 
•vi  •  .logs'  hat  e  long  been  used  as  screening  modalities, 
these  teste  do  not  detect  a  sufficient  number  of  lung 
carcinomas  at  an  early  enough  stage  to  improve  sur- 
rii  al  ’  For  this  reason,  lung  carcinoma  screening  is  not 
a  routine  practice  in  the  general  public  or  even  among 
those  m  increased  risk  for  Sung  carcinoma,  such  as 
smokers.  Thus,  new  methods  are  needed  to  detect 
catty-stage  lung  carcinoma  and  its  precursors  in  pa¬ 
tients  at  high  risk. 

In  recent  years,  several  chromosomal  and 
molecular  abnormalities  have  been  identified  in  non- 
small  celt  lung  carcinomas  (NSCLQ,  even  at  early 
stages,  although  early- stage  carcinomas  have  been 
found  to  have  fewer  molecular  alterations  than  ad¬ 
vanced-stage  carcinomas.  Lung  carcinoma  develop¬ 
ment  has  been  proposed  to  reflect  a  field  cancer  pro¬ 
cess  in  which  the  whole  lung  is  exposed  to  a 
earunofBftte  Insult,  such  as  tobacco  smoke,  increas¬ 
ing  ihe  risk  of  multistep  tumor  development  in  the 
espiramry  tract  epithelium/'  We  hypothesized  that  a 
pattern  of  genetic  abnormalities  involving  chromo¬ 
somal  regions  3p,  5q,  7p,  8q.  and  lOq  in  bronchial 
epithelial  ceils  obtained  from  bronchial  brushings 
irom  thd  rumor  side  (BB/Ts)  is  an  early  indicator  of 
ving  carcinoma  In  the  current  study,  we  sought  to 
rk-iermine  whether  a  field  effect  exists  in  cyrologically 
normal  epithelium  of  the  bronchial  tree  in  the  pres¬ 
ence  of  established  lung  carcinoma  with  the  use  of 
DMA  fluorescence  in  situ  hybridization  (FISH)  probes. 
This  information  may  be  useful  in  identifying  patients 
at  high  risk  for  developing  lung  carcinoma  via  endo¬ 
scopic  brush  cytology, 

MATERIALS  AMO  METHODS 

Patient  and  Control  Population 

Ft  ham  patients  with  NSCLC  were  entered  into  our 
fin  .sportive  study.  All  of  them  had  a  lung  mass  that 
was  operable.  In  addition,  none  of  them  had  under¬ 
gone  cttemmherapv  or  irradiation.  Fifteen  control 
subjects  were  selected  from  a  group  of  individuals 
who  were  at  high  risk  for  developing  lung  carcinoma 
due  to  their  smoking  history  but  did  not  have  a  de¬ 
tectable  lesion,  on  a  chest  X-ray.  Written  informed 
consent  for  participation  was  obtained  through  art 


institutional  review  board  protocol.  All  of  the  patients’ 
and  control  Subjects’  charts  were  reviewed  for  a  sig¬ 
nificant  medical  history  and  smoking  history.  The  pa¬ 
tients'  histologic  lung  sections  were  also  reviewed. 

Specimens 

T’he  patients  underwent  bronchoscopy  just  before  sur¬ 
gical  excision.  Bronchial  brushings  were  taken  from 
the  main  stem  bronchus  on  the  tumor-bearing  side. 
After  the  excision,  touch  imprints  from  the  resected 
lung  tumors  (TP/Ts)  and  from  macroscopically  unre¬ 
markable  bronchi  adjacent  to  the  tumors  fFP/ABs) 
were  made.  Also,  bronchial  washings  (BWs)  taken 
from  the  control  subjects  were  used  as  controls. 

Specimen  Preparation 

BB/Ts  were  obtained  from  only  14  of  the  13  patients. 
The  BB/Ts  were  received  in  saline.  Cytospins  were 
prepared  for  cytology  and  PISH  analysis.  The  cytology 
slides  were  fixed  in  Caroov  solution  and  stained  with 
Papanicolaou  stain,  whereas  the  air-dried  slides  were 
stained  with  Dtff-Quik  (Baxter  Scientific.  Deerfield. 
IL).  'Hie  cytologic  features  of  all  of  die  specimens 
(BB/Ts,  TP/Ts,  and  TP/ABs)  were  assessed.  Both  the 
cytospins  and  touch  imprints  were  fixed  for  FISH  in 
methanol  and  acetic  acid  at  a  ratio  of  3:1  before  label¬ 
ing.  Cytospins  were  also  prepared  for  the  control  sub¬ 
jects  and  stained  with  Papanicolaou  stain.  As  in  die 
study  cases,  FISH  was  performed  for  three  probe  sets. 

OKA  Probe  Sets 

Three  probe  sets  were  used.  One  was  the  commer¬ 
cially  available  multicolor  probe  set  LAVysion  (Vysis. 
Downers  Grove,  IL).  This  set  included  four  probes;  a 
centromeric  probe  to  chromosome  6  generated  from  a 
repetitive  probe  sequence  and  three  unique  sequence 
probes  to  5pI5  (LSI  5pl5)f  ?p!2  (LSI  EGFH),  and  8q24 
(LSI  MYC).  The  probes  were  labeled  with  Spectrum 
Aqua,  Spectrum  Green,  Spectrum  fled,  and  Spectrum 
Gold,  respectively.  The  second  probe  set  included  cen- 
trorneric  3  (CEP3;  Vysis)  and  the  locus-specific  probe 
3p22.1,  which  was  developed  in-house.  The  third 
probe  set  consisted  of  centromeric  10  (CEP  10;  Vysis) 
and  the  locus-specific  probe  10q22,  which  was  also 
developed  in-house.  These  probes  were  mixed  with 
blocking  DMA,  enriched  in  repetitive  sequences,  and 
hybridized  to  the  specimens. 

DMA  for  3p22.1  and  10q22  was  labeled  by  using  a 
nick  translation  kit  (Roche  Diagnostics  Corporation,  In¬ 
dianapolis,  BN).  DNA  and  the  labeling  enzyme  were 
placed  in  a  15  °C  water  bath  for  1  hour.  Next,  the  probe 
was  transferred  to  ice.  A  gel  was  am  to  determine  the 
length  of  the  DNA  fragments,  which  had  to  be  500-2000 
base  pairs.  The  probe  was  then  placed  in  a  65  °C  water 
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bath  lr ir  15  minutes  arid  stored  in  a  20  “C  freezer.  The 
detailed  methodology  for  this  in-house  probe  prepara¬ 
tion  was  described  previously  by  bang  and  Katz.® 

Ftaontscance  In  Situ  Hybridization  Procedure 

Slides  ware  immersed  in  2  x  standard  sodium  citrate 
iSSG  for  3  minutes  al  77  ®C  and  then  in  a  protease 
solution  50  rat  of  1  x  phosphate-buffered  saline 
! PBS;  pll  <  2.0,  and  25  mg  of  protease).  Protease 
digestion  was  then  performed  (5-6  minutes  for  cyto- 
-oms  and  7-8  minutes  for  touch  preparations).  Slides 
were  then  washed  in  1  x  PIS  for  5  minutes  and 
subsequently  fixed  in  a  i%  formaldehyde  solution  for 
.i  minutes.  Afterward,  the  slides  were  again  washed 
s  ith  1  >  PBS  for  5  minutes  and  dehydrated  in  sequen- 
• 7!S%  65%.  and  100%  ethanol  solutions.  After  a  brief 
period  of  drying,  the  probe  mixture  was  applied  to  die 


target  areas  on  each  slide.,  covered  with  a  coversUp, 
and  sealed  with  rubber  cement.  The  slides  were  then 
kept  in  a  hybrid  machine  (Vysis)  for  2r  20  hours  at 
37  *C.  After  the  rubber  cement  and  covers!  ips  were 
removed,  the  slides  were  waited  in  a  50%  formamtde 
solution  (pH  7.45)  in  3  separate  jars  for  10  minutes 
each  at  45  *C.  Next,  the  slides  were  washed  in  2  x  SSC 
for  10  minutes  at  45  *C  and  then  in  2  x  SSC/0.1% 
ethoxylated  octyl  phenol  (NP-40)  for  10  minutes.  The 
slides  were  then  dried.  Slides  were  counterstained 
with  4’  6-Diamidine-2-phenylindoie  dihydrochioride 
(DAP1;  10  fA,  per  slide),  coverslipped,  and  viewed  un¬ 
der  a  fluorescent  microscope  (Leica  DWRXA  or  Leica 
DMI.B:  Leica  Microsystems,  Inc.,  Buffalo,  NY)  with  the 
appropriate  filters  for  the  probes. 

Using  the  LAVysion  multicolor  probe,  25  nonover¬ 
lapping  cells  with  distinct  signals  were  counted  per 
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■..h  .  i  and  the  chromosomal  abnormalities  were 
scored.  A  cell  was  abnormal  if  it  had  aneusomy  of  two 
or  more  chromosomes.  If  more  than  five  cells  were 
abnormal,  the  sample  was  positive  as  per  the  recom¬ 
mendation  of  the  probe  manufacturer  based  on  strid¬ 
es  performed  with  another  multicolor  probe  [UroVys- 
ion:  Vysisj.  For  3p22.1  and  I0q22,  the  hybridized  slides 
were  counted  with  the  use  of  appropriate  filter  sets  for 
visualizing  Spectrum  Green  or  Spectrum.  Orange  as 
well  as  DAP!  counterstain.  In  addition,  s  100  nuclei 
from  each  slide  were  scored  with  a  triple  filter.  The 
nuclei  of  individual  cells  that  did  not  overlap  were 
chosen  for  analysis.  Slides  were  analyzed  only  if  80% 
of  the  cells  were  interpretablc  in  the  field  of  view  and 
the  brightness  of  the  signals  was  ■*  2+  on  a  scale  of 
'■t  ■  ■  -  inch  ceil  was  scored  individually  for  the  nuns- 
bet  of  qreen  (3p22.1  or  10q22J  and  orange  signals 
<-L '  f  ji  CEP  10,  respectively;  that  were  used  as  inter¬ 
nal  controls.  Cells  with  fewer  green  signals  than  or¬ 
ange  signals  were  positive,  reflecting  deletion.  The 
ratio  of  green  to  orange  signals  was  interpreted  as  the 
percentage  of  deleted  cells,  To  avoid  misinterpretation 
due  w  iitsuflidem  hybridization,  cells  were  counted 
only  if  at  least  one  bright  orange  and  one  bright  green 
sign  at  were  present.  Split  signals  were  counted  as  one 
if  the  space  between  them  was  less  than  the  diameter 
of  a  single  signal.  A  control  specimen,  was  used  for 
each  batch.  Based  on  a  leave-one-out  analysis,  >  2% 
of  the  deletions  were  positive  For  3p22.1  arid  10q22. 

Data  Analysis 

Univariate  data  were  summarized  using  standard  de- 
w  ripiive  statistics  in  Table  1 .  The  purpose  of  our  study 
rii  assess  the  predictive  ability'  of  various  genetic 
deletions  with  respect  to  cancer  status.  Instead  of  con¬ 
centrating  exclusively  on  the  significance  of  P  values, 
we  focused  on  the  prediction  rate  of  each  marker. 
When  prediction  is  the  primary  goal  of*  analysis,  the 
gold  standard  in  assessment  of  the  predictor  is  a  test 
and  validation  set.  Usually,  such  a  set  is  used  when  the 
sample  size  is  adequately  large.  Our  sample  was  small, 
so  Wf  implemented  a  leave-one-out  validation 
schenti  to  assess  the  predictive  ability  of  the  genetic 
markers  using  univariate  logistic  regression.  With  this 
scheme,  we  modeled  the  relation  between  the  re¬ 
sponse  variable  and  predictor  for  ail  but  one  data 
l  >nee  a  model  was  fit,  the  response  was  then 
predicted  for  the  data  point  that  was  left  out.  This 
process  was  repeated  for  all  data  points.  The  sensitiv¬ 
ity  and  specificity  values  were  then  calculated  based 
on  the  leave-one-oui  validation  results  and  are  pre- 
'•c nted  in  Tables  2-4,  With  small  samples,  this  proce¬ 
dure  is  mom  robust  in  modeling  overfitting  and  results 
k  mitje  realist  it  predictions  when  compared  with  na- 
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TABLE  3 
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TABLE  4 

Leave-One-Out  Table  for  ComUised  :ip;CEP3-BBiT  and 
I^CEPIO-BB/T  Using  a  Deletion  Hate  of  >  2%  to  Predict 
Cancer  Status 
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ive  methods. r  in  addition,  associations  between  cate¬ 
gorical  variables  were  assessed  via  crosstabulation  and 
the  Fisher  exact  test.13  All  of  the  computations  were 
carried  out  with  the  use  of  the  SAS  software  program 
(SAS  institute  Inc.,  Cary,  NC)  on  a  Dell  personal  com¬ 
puter  (Dell,  Round  Rock,  TX)  equipped  with  the  Win¬ 
dows  NT  operating  system  (Microsoft,  Redmond.  WA) 
via  standard  procedures.9 

RESULTS 

Patients 

The  study  included  12  men  and  3  women  with  a  mean 
age  of  68.8  years  (range.  57-84  years).  One  of  die 
patients  was  a  nonsmoker,  and  all  of  the  others  had  a 
smoking  history  ranging  from  8.5  to  120.0  pack-years. 
Hie  control  specimens  were  from  15  patients  who  did 
not  have  a  history'  of  lung  carcinoma.  The  control 
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subjects  were  8  men  and  7  women  with  a  mean  age  of 
8!x9  ymm  (range:  •12-83  years)*  Founeen  of  the  con- 
•  Mihiem  had  a  smoking  history  ranging  from  15  to 
7a  pack -years, 

Cftotogl/MiStoiogy 

HLsiciiogic  examination  of  the  excised  rumor  speci¬ 
mens  showed  that  there  were  six  adenocarcinomas 
.Fig.  t  seven  squamous  ceil  carcinomas,  and  two 
NSC  Us  with  sarcomatoid  change*  Touch  imprint 
preparations  were  made  from  all  of  the  tumors* 

lh.  ‘  ytoiogic  evaluation,  the  BB/Ts  were  negative 
for  malignant  cells  (Fig..  2h  However*  basal  cell  hyper- 
piavra,  squamous  metaplasia,  goblet  ceil  metaplasia, 
and  rare  dysplaadc  cells  were  detected  in  four,  five, 


mum  3,  lotorptiaMt  fiuensscence  m  situ  ftybrniaatsen  (FISH!  analysis  ofl 
hrsneiiial  tasMgs  shewing  a  itemal  tiipted  population  eomphsmg  two  aqua, 
iwa  greers,  two  f«J,  and  two  goto  sights  usinc  a  multicolor  R8H  analysis  proba 
set  |aqua,  8  sentmrrtertc;  green.  7p12;  red.  SplS;  and  goid,  8q24i.  (FISH, 
original  magnification  x  600.; 


three,  and  three  specimens,  respectively.  TP/'ABs. 
which  were  available  from  12  patients,  showed  carci¬ 
noma  in  1  specimen,  dysplasia  in  1  specimen,  and 
bronchial  hyperplasia/reactive  bronchial  epithelium 
in  three  specimens.  Cytologic  evaluation  of  the  BWs 
demonstrated  basal  cell  hyperplasia  in  five  patients 
and  squamous  metaplasia  in  four  patients. 

Fluorescence  In  Shu  Hybridization  Analysis 
LAVysion  multicolor  FISH  analysis  showed  trial  all  14 
BB/Ts  were  negative  for  malignant  cells  (Fig.  3).  How¬ 
ever,  live  BB/Ts  showed  single  chromosomal  abnormal¬ 
ities,  predominantly  polysomy  of7pl2.  Also.  11  of  the  14 
specimens  showed  deletions  of  both  3p22.1  (Fig.  4)  and 
1 0q22  (Fig.  5}.  In  the  carcinomas,  the  incidence  values  of 
positivity  were  57%  (8  of  14)  for  the  LAVysion  probe  set 
(Fig.  6),  100%  (14  of  14)  for  3p22.1  deletions  (Fig  7),  and 
79%  (11  of  14]  for  10q22  deletions  (Fig.  Si.  LAVysion 
multicolor  FISH  analysts  failed  to  demonstrate  abnormal 
cells  in  TP/ABs,  although  8  of  12  (67%)  and  11  of  12 
(92%)  of  these  touch  imprints  were  positive  for  3p22,l 
and  10q22,  respectively.  When  compared  with  the  adja¬ 
cent  bronchial  epithelium,  tumor  cells  showed  a  3.7-fold 
excess  of  3p  deletions,  a  2-foid  excess  of  lGq  deletions, 
and  a  12.6-fold  excess  of  abnormal  cells  by  the  JAVysion 
test  Table  1  shows  the  distribution  of  the  age.  pack-years 
of  smoking,  and  FISH  results  of  the  patients  and  control 
subjects  according  to  cancer  status.  The  sensitivity  and 
specificity  values  of  the  LAVysion  multicolor  probe  set  in 
detecting  molecular  abnormalities  in  the  BB/Ts  were 
40%  and  73%,  respectively.  The  sensitivity  and  specificity 
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FIGURE  6,  intense  fluorescence  in  sttu  nybridizstaon  fiSH)  ar&jy&s  m 
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FIGURE  7.  imarphase  tlucmcance  in  situ  hy&rtfaata  [FISH)  analysis  on 
rumor  touch  imprints  showing  daidions  (arrow)  of  the  3p22.l  tocus-specific 
prose  (loss  of  green  signals,  3p2£1,  relate  to  red  signals,  CEF3),  fftSH, 
original  implication  x  6000 


aiues  of3p  deletions  >  2%  in  the  BB/T  to  predict  tumor 
•' ,i:r  both  100%  iTable  2J,  The  sensitivity  and  specificity 
;ii  ,.f.scif  10q  deletions  from  8B/T  were  100%  and  78.6%, 
respectively  ft  able  3].  'Hie  leave-one-out  method 
showed  that  a  2%  cutoff  for  both  3p  and  lOq  deletions 
resulted  in  1D0%  sensitivity  and  specificity  for  the  pres- 
r*  of  {-sneer  'Tabic  4).  There  was  not  a  significant 
difference  in  the  molecular  abnormalities  observed  in 
the  SB/Ts.  TP/ABs,  and  "FfVTs  of  the  patients  with  squa¬ 
mous  cell  carcinoma  and  those  with  adenocarcinoma 
Table  5j.  Finally,  the  effect  of  smoking  could  not  be 
determined  with  the  current  data,  as  there  was  not  a 


sufficient  number  of  patients  or  control  subjects  who 
were  nonsmokers. 

DISCUSSION 

Currently,  there  are  no  efficient  or  accurate  screening 
methods  for  early  detection  of  lung  carcinomas.*  The 
lack  of  standard  screening  procedures  often  leads  to 
diagnosis  of  these  tumors  at  an  advanced  stage,  which 
is  associated  with  a  poor  prognosis  and  a  high  mor¬ 
tality  rate.  The  standard  of  practice  in  the  evaluation 
of  patients  for  a  possible  lung  carcinoma  is  a  chest 


Use  of  FISH  Probes  to  Predict  Lung  Carcinoma/Barkan  el  al. 


41 


FIGURE  8.  Httamtese  fluorescence  in  situ  hyisktatM  tFtSH)  anarysss  on 
touch  imprint*  showing  tumor  nuctt  wHtft  deters  {arrow}  ot  the  I0g^2 
w  i.s  ipeerfte  prate  fsoss  of  &m  senate,  lOgffi,  relative  to  ins  red  signals. 
CEPtO)  (FISH,  origmsi  magraftoatton  x  I50Q.1 


X-ray  and  pulmonary  function  tests  followed  by  a 
computed  tomography  scan.  Spumm  cytology  is  usu¬ 
ally  not  submitted  due  to  Its  low  sensitivity  in  detec  t- 
;•«  neoplastic  cells.  In  patients  with  a  suspected  cen¬ 
tral  mass,  bronchoscopy  is  performed  and  bronchial 
washes,  bronchial  brushes,  and  iransbronchlal  biopsy 
specimens  are  obtained,  If  the  mass  is  peripheral,  then 
the  hr m  approach  is  usually  via  a  percutaneous  fine- 
needte  aspiration  biopsy.  In  the  current  study,  we 
focused  on  bronchial  brush  specimens  from  the  side 
of  the  suspected  tumor  as  a  less  invasive  method  to 
diagnose  die  presence  of  early  lung  carcinoma.  We 
demonstrated  that  although  most  BB/Ts  do  not  con¬ 
tain  frankly  malignant  cells,  according  to  cytologic 
analysis,  die  majority  of  them  displayed  obvious  mo- 
leeular  .-.bnorraafities  of  3p22.1  and  10q22  according 
to  FISH. 

1 1  i  recen  i  years,  multiple  chromosomal  and  molce- 
oiai  alterations  have  been  demonstrated  in  early-stage 
lung  carcinomas50' i5  using  comparative  genomic  hy- 
nrldizaUtm,1''"1”  microsatellite  instability  anaiysis.,9,zt) 
and  FISH.21'  Of  these  techniques,  FISH  has  been 
usen  successfully  for  the  targeted  analysis  of  numeric 
chromosomal  abnormalities  in  interphase  nuclei  in 
various  types  of  solid  mrrsors.3*5'**  Interphase  FISH  is  a 
relatively  easy  technique  that  can  detect  rare  events 
such  as  a  deletion  or  addition  of  a  specific  gene  in  a 
single  ceil  nucleus  derived  from  normal-appearing  or 
cancer  ceils. 

-»p  is  presumed  to  be  the  site  of  multiple  tumor 
suppressor  genes,  including  FHIT  I3pl4)  and  RASSF1A 
t;-.'  3j.  Recent  molecular  studies  showed  deletions 


in  the  3p  region  in  morphologically  normal  areas  of 
bronchial  epithelium  in  patients  with  lung  carci¬ 
noma.311  Deletions  in  this  region  are  believed  to  be 
early  and  frequent  events  in  lung  carcinoma  tumori- 
gene-sis.'1,30 

The  10q22  probe  used  in  our  study  encompasses 
the  gene  encoding  the  surfactant-associated  protein 
(SP-A).  SP-A  is  a  hydrophilic  protein  that  facilitates 
the  surface-tension-lowering  properties  of  surfactant 
phospholipids  in  alveoli,  regulates  surfactant  phos¬ 
pholipid  synthesis,  and  counteracts  the  inhibitory  ef¬ 
fects  of  plasma  proteins  released  during  lung  injury. Ji 
We  postulate  that  low  levels  of  SP-A.  such  as  those 
resulting  from  genetic  deletions,  may  increase  host 
susceptibility  to  infections  and  the  effects  of  carcino¬ 
genic  agents,  loss  of  10q22  also  has  been  identified  in 
NSC.LC.  especially  squamous  celt  carcinoma.32'33  (n  a 
large  retrospective  study  of  patients  with  Stage  I  can¬ 
cer.  we  demonstrated  that  deletion  of  I0q22  in  bron¬ 
chial  tissue  adjacent  to  NSCLC  is  strongly  associated 
with  early  recurrence  of  lung  carcinoma  {unpublished 
data). 

The  LAVvsion  four-color  probe  set  comprises  a 
cocktail  of  5p,  ?p,  8q,  and  centromeric  6  nucleic  acid 
probes  and  has  been  designed  to  enhance  die  detec¬ 
tion  of  malignant  cells  of  NSCLC  in  sputum  samples. 
Gene  amplification  in  the  5p  region  is  one  of  the  most 
consistent  alterations  in  NSCLCs  and  is  strongly  asso¬ 
ciated  wiLh  tumor  development,  progression,  and  me¬ 
tastasis.  The  epidermal  growth  factor  receptor  (BGFR) 
gene,  which  is  located  on  chromosome  7p,  is  overex¬ 
pressed  in  BWs  from  smokers  as  well  as  in  NSCLCs.34 
Although  BGFR  overexpression  by  immunohisto- 
chemistry  is  increased  in  patients  at  high  risk  for  de¬ 
veloping  lung  carcinoma,  especially  smokers,35  EGFR 
as  an  independent  prognostic  factor  appears  to  be 
controversial-^  C  myc  is  a  nuclear  phosphoprotein 
that  participates  in  ceil  growth  and  tumor  develop¬ 
ment  by  activating  transcription  of  growth-stimulat¬ 
ing  genes-  C-myc  is  located  on  chromosome  8q  and  is 
amplified  In  both  smaii  ceil  and  non-small  cell  lung 
carcinomas. 

In  a  retrospective  study  of  BWs  from  46  patients 
with  histologically  proven  lung  carcinoma.  Sokolova 
et  found  that  the  sensitivity  for  the  detection  of 
carcinoma  cells  was  82%  for  FISH  with  the  LAVysion 
Multicolor  probe.  In  comparison,  others  found  the 
sensitivity  of  cytology  to  be  54%,23  In  a  similar  multi¬ 
color  FISH  study  by  Romeo  et  al,M  comparing  tumor 
touch  imprints  of  nonsmai!  cell  carcinomas  and  sputa, 
the  authors  noted  high  frequencies  of  abnormal  cells 
in  all  20  imprints.  However,  none  of  the  cytologically 
normal  sputa  demonstrated  any  abnormalities  in 
FISH  with  the  multicolor  probe. 
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TABLE  5 

Examination  of  Differences  in  Molecular  Atoormaltiks  by  Site  Versa  Histology 
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in  the  current  study,  evaluation  of  molecular  ab¬ 
normalities  in  bronchial  epithelial  ceils  via  FISH  was 
vert  useful  in  identifying  patients  who  were  at  high 
risk  for  developing  lung  carcinoma.  Deletions  of 
i\j'2  1  and  10q22  were  detected  at  least  two  to  four 
ames  more  often  in  BB/Ts  than  abnormal  cells  by 
LAVyslott  probe  set,  which  were  detected  only  infre¬ 
quently  in  BB/Ts  when  compared  with  TP/Ts.  These 
results  may  reflect  the  finding  that  the  tumor  suppres¬ 
sor  genes  an  3p22,l  and  10q22  are  deleted  earlier  in 
the  genetic  instability  events  involved  in  carcinogen¬ 
esis  than  the  oncogenes  located  on  5pl5,  7pl2,  and 
Bt|24,  Therefore,  3p22, 1  and  U)q22  appear  to  be  far 
more  sensitive  markers  than  the  multicolor  probe  set 
a  at'tet  dng  a  field  effect  in  early -stage  lung  carcino¬ 
mas.  It  is  noteworthy  that  there  was  no  significant 
difference  in  the  molecular  abnormalities  of  3p22.1 
and  i«q22  for  the  different  histologies  of  NSCLC  re¬ 
gardless  of  anatomic  site,  suggesting  that  these  abnor- 
•  iodides  occur  in  the  tumor  stem  cells  before  histo¬ 
logic  differentiation  takes  place. 

1  'ur  findings  are  compelling  and  may  lead  to  the  use 


of  FISH  as  a  valuable  adjunct  to  cytology  of  bronchial 
brush  specimens  in  high-risk  patients  with  radiograph 
ically  detected  lung  lesions,  the  majority  of  which  are 
benign.  A  larger  prospective  trial  must  be  performed  to 
validate  the  current  study  in  establishing  the  use  of  FISH 
analysis  of  bronchoscopy  specimens  and  eventually 
sputa,  as  an  adjunct  to  cytology  in  the  early  detection  of 
lung  carcinoma, 
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Abstract 

Gfmhtimtoeat  study,  w*s  modified  ihe  cytokine-block 
inu'i-mtm&wm  iCBMN )  assay,  te  eif&blit*hod  biomarker 
for  ^enomk  instability,  to  evaluate  susceptibility  to  the 
ukuttne  derived  4-(mei;hyhikro*iam]iio}-l-(3- 

pyHdyl.h  L-butanson^  |MME)  by  measuring  the  frequency  of 
NNKdaduced  rhmmmmmmd  damage  endpoints  (mkroaudek 
xmdeoplasmk  and  nuclear  buds)  per  1,000  bimide- 

t-,;'  and  NNK-iiirfticed  direrae* 

**'*wd  were  significantly  higher  in  lung  cancer 

r  emrrp.±ire4  -siih  controls  Forty -seven  percent  of  case* 

y#m*&  I2fl  of  controls)  had  >4  sptetttneou*  ndcroimeiei,  66% 
“f  eo&e®  uiod  no  controls)  hmd  >4  spontaneous  nuckoplasmic 
bridfea*  and  25%  of  (versos  5%  of  controls)  had 

^pogstazumu*  midear  bod  {P  <  0,001),  Similariv.  40%  of  c uses 
of  the  controls)  ts.M  >5  ^VK  induced  mkronucteu 
1  ur<awM?si  Und  no  emfftrib)  bad  >6  induced  nucleoplasm  ic 
bridges  and  23%  of  cases  (versus  2%  of  controls)  had  >2 
md^d  teelmr  buck  (P  <  0,001).  When  aji&Jyied  tm  a 
,  ■  tmmmvrn  ioiilc,  spontaneous  micromicki,  nucleophismk 
'  i  idgw*  ted  mmktwt  buds  were  ummluied  with  2-,  29-f  &M  S- 
b>id  iuotfMMl  In  cancer  risk,  respectively,  Similarly,  NNR-* 
lodtread  ritk*  were  2,3-.  45.5-,  Mid  10-fold,  respectively,  We 
e-vahiat4#d  the  u&c  of  CBMN  aasay  to  predict  cancer  risk  based 
u«  the  uiimhers  of  micro  micUfo  noclaoptomic  bridges*  nud 
titirLw  buds  dAd  by  fmcmtite  eat  points  in  controls 
I'-ubahuiiics  of  being  a  cancer  patient  were  96%?,  9S%,  and 
whan  Mtif  the  93th  percentiles  of  spontaneous  and 
Sr\K- induces!  mfa^tuclei,  nucleoplasmie  bridges,  and  nmM- 
**  r^wMwmv.Om  study  indicates  that  the  CBMN  asm? 
k%  e:s.i.rcmcK  sensitive  to  XNK4iidte#i:i  genetic  damage  and 
iia  a  strong  predictor  of  lung  cancer  risk,  [Cancer  Res 
3006;  66i  12k  6449- Sfo 

Introduction 

:.a^&  cancer  is  the  leading  €3«$e  of  cancer  mortality  in  the 
f  Stases  and  thne  ss  aa  urgent  need  to  improve  outcome 
fo  idem  dying  ted  validating  mate  to  predict  risk  and  allow 
tarr.  diagnosis  H  i  A  crucial  early  event  in  carcinogenesis  is  the 
of  Urn  gmmmk  instability  phenotype,  which  enables  an 
tetiated  veil  to  evolve  mto  ii  cancer  cell  by  achieving  a  greater 
ortMkxmivm  capacity  (21  It  is  well  known  that  cancer  remits 
■  om  mi  &;  cumulation  of  multiple  genetic  changes  that  can  be 
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mediated  through  chromosomal  changes  and  that  have  i.hc 
potential  to  be  cytogenetically  detectable  (3),  It  has  been 
hypothesized  that  the  level  of  genetic  damage  in  peripheral 
blood  lymphocytes  re 0 ecus  the  amount  of  damage  m  the 
precursor  cells  that  lead  to  the  carcmogeme  process  in  target 
tksucs  (4).  Evidence  that  cytogenetic  bio  markers  are  positively 
correlated  with  cancer  risk  has  been  strongly  validated  in  recent 
results  from  both  cohort  and  nested  case-control  studies  showing 
fcfaafc  chromosome  aberrations  arc  a  marker  of  cancer  risk  (5-9), 
reflecting  both  ihe  genotaxlc  efTects  of  carcinogens  and  individual 
cancer  susceptibility. 

The  cytokinesis-block  micron udeua  (CBMN)  assay  in  human 
lymphocytes  Ls  one  of  the  most  commonly  used  methods  for 
measuring  DNA  damage  became  it  is  relatively  easier  to  score 
micro  nuclei  than  chromosome  aberrations  ^2),  Mieruaudei  ong- 
Inafo  from  chromosome  fragmems  or  whole  chromosomes  that  fad 
to  engage  with  the  mitotic  spindle  and  therefore  lag  behind  when 
the  cell  divides.  Compared  with  other  cytogenetic  assays, 
quantiBcetite  of  micronudd  confers  sevens]  advantages,  including 
speed  arid  e&sa  of  analysis:  no  requirement  for  meiaphase  cells,  and 
reliable  ill entifi cation  of  cells  that  have  completed  only  one  nuckac 
division.  This  prevents  oonfoundmg  effects  mixmd  by  differences  in 
cdl  division  Mnelic^  because  expressta  of  mitromideh  rnxete- 
plasmic  bridges  or  nuclear  buds  k  dependent  on  completion  of 
nuclear  division  00),  Because  cells  are  blocked  in  the  binucleated 
stage,  it  U  also  possible  to  measure  mideopiasmic  bridges 
originating  from  asymrnetncal  chromosome  rearrangements  m& 
or  telomere  end  Fusions  (11,  I2}>  Nucleoplasmic  bodges  occur 
when  the  centromeres  of  dicentric  chromosomes  or  chromatids 
are  pulled  to  the  opposite  poles  of  the  cell  at  anaphase.  In  the 
CBMN  iissav,  bmudeated  cells  with  nudcopiasmic  bridges  are 
vaaily  observed  because  cytokinesis  is  inhibited*  preventing 
breakage  of  the  anaphase  bridges  from  which  nncleopbamic 
bridges  are  derived?  thus,  the  nuclear  membrane  forms  around  the 
nueieoplasmic  bridge,.  Both  m icronudei  and  nucleoplasm ic  bridges 
occur  in  cells  exposed  to  ON  A- breaking  agents  <  13,  14),  in  addition 
to  micron udei  and  mideoplasmic  bridges t  the  CBMN  assay  allows 
for  the  detection  of  nuclear  buds,  which  represent  a  mediMikm  by 
which  cdb  remove  amplified  DNA  and  are  therefore  considered  a 
marker  of  possible  gene  amplification  [reviewed  by  Fenech  (14)1* 
The  CBMN  test  is  gradually  replacing  the  analysis  of  chromosome 
aberrations  in  lymphocytes  because  micromidcC  nudeoplasmic 
bridges,  and  midear  buds  arc  easy  to  recognise  and  bo>cc  and  die 
raSMhs  can  he  obtained  in  a  shorter  time  {.15}, 

More  than  30%  of  lung  cancers  are  attributed  to  tobacco 
exposure.  However*  because  only  a  fraction  of  long-term  smokers 
f  -  15%)  will  develop  lung  cancer  in  their  lifetime  (16),  it  k  proposed 
thu  genetic  factors  play  a  role  in  individual  susceptibility.  An 
individuals  DNA  repair  capacity  may  play  &  significant  role  in 
modifying  risk  for  cancer*  The  tobacco -specific  nitroisamine 
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i  i  radhylnitraumifil^  (N'\TK)  is  a  strong 

Pulmonary  carcinogen  and  z  potent  inducer  of  lung  adenocar- 
now  die  kading  lung  cancer  subtype  in  the  United  States 
"  i  s\  iidu-  ua  the  met^ohmi  of  NHK  have  shown  that  it  induces 
1 1  >.vs  Links  in  DNA:;  ummcm  with  BNA*  forming  different  types  of 
>'  Mult*  md  incm&M®  this  frequency  of  chromosome  aberrations 
s.  ivj.  Uocht  (20)  reported  that  DMA  adducts  derived  &m 
v  X  k  .l:v  present  at  a.  hi§te'  kvd  in  hing  tissues  (mm  lung  csancer 
uUjent.s-  than  contok,  and  metabolites  of  KNK  are  found  in  the 
i  :ejc  -I'  people  who  use  tobacco  products  or  are  exposed  to 

■  ••'■■  iron mtiUaJ  tobacco  smoke.  The  repair  kinetics  for  .NNK- 

cduccii  genetic  damage  (tas  not  been  clearly  duddated  hut  may 
i  vidv-c  sevi-r;*!  D NA  repair  pathways,  including  base  cxefokm 
s:  .cl  imcleotiite  eseMoo  repair  pathways  (21),  In  the  current  study, 
.'■  >i  used  the  CSMM  assev  to  measure  NNK-induced  micrormclem 
.tioteophimm  bddp*  and  nuclear  bud  frequencies  and  conducted  a 
■dot  case  coulrol  study  to  evaluate  whether 

\K-  imUmed  damage  was  associated  with  lung  cancer  risk, 

Materials  and  Methods 

suith  population.  i  ,ww:  And  coutit^s  for  this  analp&iiS  wen?  accrued 
.  molecular  epidemiologic  study  or  markets 

■  iimji  c^iusar  C ®sm  in  -1391  were,  consecutive  patients  with  newly 

aiagnnsvd*  nmjmmd,  histologically  confirmed  lung  cancer 

s.Criii;,..  AM  wem-  rs^erultrd  fruiu  'fhe  University  of’  Texas  MJ), 
Cancer  €mum  with  no  age,  gender,  ethnicity.  tumor  histology. 
tatum^kins.  Healthy  controls  («  •  130)  were  recruited 
: .  v-,  the  Ke Ginks.  Houston*  larger  private  multi^peciaity 
^vsucsdu  ssrmift  €m&mk  wer v  matched  to  the  €$$«$  on  age  (±5  wars), 

vT,def:  and  slams  (current  and  former).  Data  related  tx> 

mod  km!  fefesmry.  femdy  history  of  cancer,  smoking  habits,  and 
^  A  Apmond  k&iprf  wm  otohwd  through  an  m  Ecrvfovvxjr  adrfo  mste  red 
<>•*  factor  qmsmmmzv  md  by  review  of  an  Institutional  electronic 
;ct?rc  i-dstory  datable  flit*  msUtudnnal  review  board#  m,  both  The 

■  Texa.>  M,  a  Anderson  Cancer  Center  and  K«Ny-SaybM 
fdiui-.*  ^mved  ihw  Nton>.  After  giving  informed  concern,  all  study 

donated  a  lfl-ml,  blood  sample,  which  wm  drawn  Into  coder! 

ft^dplasml  bfood  lymphocyte  cultures  for  CBM\  te«t  Thr  ChM.X  test 
itoiii::  u&asg  tike  crytochal3»m  B  tediiiitjue  described  by  Fenech  and 
'■■lotWy  '22)  and  foikswfog  reconuhendatio^^  from  the  International 
.L4b,':.cr.t’  Project  im  VlxcromwJkus  Fm^cocy  b.  Human  Populations 
[BVMK  i/mfro;.]  to  measure  micrormdei  nudeopbsmk  bridges,  and 
»s*d»4sr  in  cells  and  N‘NK- treated  veils.  Duplicate 

km0m:pi:  ^tdzuxsetr  w-ens  prepared  for  each  study  subject  Each  cullure 
aMitmd  19  r  Kf  cseipbr  in  S  ml  ftPMI  ifrlfl  Siippkmicutod  with  100 
w-MEknL  pemdllui,  Ju)  ug/mL  streptornymru  10%  fetal  hovm?  ^emm.  and 
..  mmtft/l  ■  gltiuminv  (life  TecfeviaiogieS’lnvItrogeit.  C&ri&b&d  CAj  mi 
:  -  phvuitKfRiigghitlnin  L^nitxat,  KSl  For  the  column  treated 

■■.-.  i\h  WA.  a  hours  after  the  penphersi  bit>t>d  lymphocytes 

•'•t-  cmntLiged  and  the  #upem«U;ftn£  growth  medium  was  amoved  and 
csenwd  fhe  peripheral  blood  lymphocytes  were  rcsiispended  in  5  ml 
J  iv;i'.  in.T  iUJA11  itvh)  supplemented  with  0-24  mmol/t  MMK  (a  do$e 

■  >“-*;.  u#nd  by  LOU  and  others;  l«&  23-^s  CAS  on,  S40fI^I-4,  Nala>naJ 

•  Cardnogen  Rcpoah^ry,  C«:w  MDj 

'WJI|  and  incubatwd  at  37 X  m  the  presence  of  5%  COs  for 
"«>urs  'M'*3h  the  p-uriphereJ  blood  lytnphotfyitw  were  washed  twice  with 
HI*Mi  1640,  trsuwfernxi  Ui  dean  tubes,  and  remctihaled  for 
^  mum  m  the  rewn®d  ^jptsrtiMtanL  At  44  hour*  after  mitieuon,  cdl$ 
•'•■re  bk^krd  in  cytokinms  by  adding  cytodialasin  B  (Sigma,  St  Louis,  MO; 

:  J  ^-oa^at rsOfon,  4  pgfmU,  Simikdf,  cultures  for  the  ddennination  of 
iNKiurji-nu*  dam.;^  aininaat«d  eetia;  were  liandled  in  die  same  nuinner, 
-  is-  m€^tk*nuf  ir^irrwnt  with  SNK.  11»  toUiJ  incubation  lime  for  all 
niinmw  w m  12  Albr  mcubiit^oA,  the  e&3i&  were  (axed  in  3:1  naethanot/ 


$ad;d  acetic  add.  dropped  onto  dean  microscopic  air-dmd,  and 
sumed  with  Giemta  staiit  For  each  sample,  LOGO  bi  nuclei  ted  cells  were 
wre.4  blindly  using  n  Nikon  (Lewisville,  TX)  E-4O0  light  optical  microscope 
following  the  scoring  criteria  outlined  by  HUMN  Project  (2,  22,  27);  the 
numbers  of  mlcronudei  nod eop tonic  bridges,  and  nuckar  buds  per  1,000 
binucleatol  cells  ww  rei:ordcdr  For  quality  control,  20^  of  the  slides  were 
randomly  selected  and  blindly  i^scored  and  the  results  were  coaraparvd  with 
the  orightnl  scoring, 

St&tktkal.  iumlysci.  All  iinaly^s  w&m  done  using  the  Intercooied  Stata 
fc.0  stMistksal  ^oitwart“  package  (Smta  Corp.f  College  Sixmon,  TXJ,  Pearson  * 

test  was  uszd  to  rest  for  differences  between  ca^es  and  controls  in  terms 
of  gender,  alcohol  consumption,  oral  family  history  of  cancer.  Student’s 
t  test  was  twed  to  fceBi  dUfereneee  m  mean  age  md  average  number  of 
ctgareites  smoked  per  day.  We  used  the  noiaparametric  Wiictwcun's  rank> 
sum  im  {continuous^  and  the  Pearsons  X'  test  (categorical)  to  compare  the 
distribution  of  spontaneous  and  MNK-induced  miemnudei,  nucleoplo^mic 
bridges,  and  nuclear  buds  between  cases  and  controls.  We  also  constructed 
dot  cHarU  twing  S»Plus  (wrsfoo  uX  Insightiid  Cor p*  SmttJy,  WA,  2003) 
to  compare  the  disuibution  of  spontaneous  and  NNKrinduccd  micromidci, 
mwleopi^snhc  bridge  and  tmMm  buds  between  £&*£$  and  contnob.  Odds 
ration  (OR)  and  mmkkme  intoals  05%  Cl)  ware  calculated  to 
provide  un  df  the  rl^k  ofLtfig  oojncer  o^odat^d  with  the  number  of 

spootaooous  and  NM&rttwmd  micronudai,  mideoplasmk  bridges,  and 
ttud&fir  buds  per  1,000  cdk,  Uno>nditfonal  muiirvariablc  lo^stic  regression 

analysis  was.  amd  to  aon.t.rp!  for  confounding  by  age,  genden  alcohd 
eortstimpuop,  smoking  aMus,  and  yearii  stodktfd 

Results 

Demographics  aad  tine  slridy  papulation.  The  demographic 
characteristics  of  the  139  ca^esiamd  130  controls  are  summarised  in 
Table  1 .  Cases  and  conlxqls  did  not  differ  significantly  in  tserms  of 
gender.  However,  on  average,  the  ernes  were  2,5  years  younger 
(mean  itge  ±  SE5  5BA  ±  0,41)  than  the  controls  (mean  age  ±.  SB* 


Table  1*  Distribution  of  selected  host  characteristics  by 
case-comrol  status 


Variabia 

Case 
patterns 
(n  a  139) 

Control 
subjects 
(n  =  130) 

P* 

Ag*  lyl  mean  t  SE 

5R4  ±  0,41 

m3  ±  032 

Gender,  n  |%] 

Mm 

W  «9.8) 

93  (715) 

0752 

Women 

« (30.2) 

37  (23.5) 

Family  Idstury  oi  cancer*  n  (%} 

Nfo 

106  (I6J) 

101  (77.7) 

0.780 

Vets 

33  (23,7) 

29  (22.3) 

History  of  foeohol  us^T  n  (%) 

Yts 

01  (6S.5) 

65  (50,0) 

0,003 

No 

4?  (33^) 

50  (45,4) 

Cigor^ttti  smokft^  rmm  ±  SE 

Nfo,  ye«m  ■ 

42,1.  ±  0,SO 

37.7  ±  USA 

<om  i 

Xo,  cigamcm  srT?^kr>d  p^r  daw 

30,0  ;t  1.38 

292  ±  LZI 

QMi 

NOTE:  AM  study  subject  am  s^elf-mpurted  Cmvm&am  iitid  tummt 
tanokerx. 

*P$  w-i?re  derived  from  ihe  x“  test  for  aategorieal  vaiialilei;  uurf 
Stndentls  i  test  for  continuous  variably  Alt  Ps  am  two  sidt-tl 
T  D^a  miadrig  for  I  mse  ami  6  control. 

*  Data  were  mkmm  for  I  ease, 

;:  Data  were  mining  far  6  vusw  and  2  ccntrak 
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Tame  2,  OvmaT  spontaneous  and  NNK-Induced 
frequences  of  rrsicronuciek  nudeopsasmic  bridges, 
ana  mmw  hum  per  iTooo  binueleated  cells  by  ag§, 
genoar*  and  years  smoked  jn  lung  cancer  cases  and 

controls 


Casa 

mean  ±  SE 
(median) 

Control 
mean  ±  SE 
(median) 

Spunisu^oufc 

3.41  £  0.13  (3JJ> 

1,98  x  0.12  (2.0) 

hk.jdeo|jip::a:ik  bridges 

4.14  £  0.10  (4.01 

0.57  ±  0417  (0.0) 

Nnidftm  bud* 

UM  ±  IMtt  (0,0) 

0,05  $  0.02  (0.0) 

3.47  i  ai7  (3,0) 

1M  ±  043  (2D) 

kykplpk^mii:  bridges 

1.13  £  0.U  (4.0) 

057  ±  0 m  (0D) 

11.29  a  0.05  (0.01 

0.06  X  om  ff)D) 

Mjcnmudm 

;U6  +  a25  (3D) 

zm  ±  ais  izm 

bndge* 

4,17  ±  aih  (4.5) 

0,57  £  0.13  (0.0) 

^mirar  buds 

±  mi  {om 

on  r  ao  (on) 

^  f 

MtcrOFiuelri 

S.44  ±  415  OkO) 

1.9?  x  an  (2D) 

4.02  :fc  0,12  (4.0) 

0.55  z  0D9  (0,0) 

Mtmkmt  buds 

025  ±  0,04  (0D) 

0.05  £  0.02  (0.0) 

hiktxmudci 

134  z  0,2?  pn) 

1.98  £  028  (20) 

Pvueteoptasnuc  bridges 

4.44  ±  aio  (50) 

0.60  £  0.11  (0.0) 

Kmfatm  bud* 

039  ±  0.10  [0.0) 

0.05  £  0.03  (ao) 

VUisrs  £37 

Mjtjwnudvi 

U0  i  0.42  (Z£) 

mi  021  [20) 

Nad&optastfc  bridges 

%M  ±  am  vsm 

a42  x  an  f m) 

N  mtmr  bids 

0.13  ±  0.13  (0.0) 

o.o  ±  o.o  (ao) 

TfMii  >32 

Mkrtmuctel 

3,43  ±  0,14  (SO) 

2D0  x  ail  12DJ 

Nucifittpiasmir  hnd§p*& 

4. IS  t.  0,10  (4-0) 

ohi  ±  aog  (aoj 

N  udear  buds 

0229  ±  0.04  (00) 

om  x  aos  (am 

History  oi  -d met 

Mitronudri 

3.47  7  (U6  (100) 

200  ±  0.15  (2.0Q) 

Nudesjpissmte:  btiS§m 

■US  ±  0.13  (4,00) 

o.5s  i  an  (0.00) 

Nuclear 

0.29  ±  0.05  (0.00) 

0.07  +  003  (0.00) 

HLM«  try  of  «k-ohd  use:  m 

Microcode! 

332  ±  023  |3i)0j 

LS8  t  0J6  (2,60) 

MjttapksuUc  bridges 

4.02  +  0,16  (4.00) 

0.55  x  a  io  (0.00) 

beds 

027  x  0.07  (0.001 

003  ±  002  (0.00) 

NNK  jmbiced 

OwraU 

Mtcronudci 

433  ±  0,10  (441) 

2.62  £  0.10  (3D) 

^udeoplmmic  bridges 

mi ± 4p m\ 

2M  1  0.!J9  fZ.0) 

bud* 

in?  ± 

UA2  X  0,U3  (0.0) 

MtaBE&dafi 

437  ±  a  13  (4D  ) 

263  £  041  (20) 

N  ia:Uxipt®mhe  bridge* 

8,0 7  ±  0,23  (8DJ 

227  ±  W0  (20) 

NYsdessr  hum 

ixrt  ±  an  (i.o) 

042  x  0 M  im) 

Femdf« 

MicruaiKki 

449  ±  @47  (4Dj 

05J  ±  0.23  (2D) 

Ni&Mtpimttu:  bridge 

834  ±  032  (JUJ) 

2M  x  o.i9  am 

Pmhmtf  beds 

1.07  ±  0.12  (1.0) 

an  x  o.os  {up) 

Ag*<®  y 

Pmwmcm 

423  ±  OJI  HD) 

ZB$  x  044  (10) 

HmUmpiw^mnr  bridges 

M  l  £  023  (8.0) 

141  x  0.11  (10) 

Nueiear  buds 

i.ti  s  an  (i.o) 

0.13  £  0.04  (GjO) 

Table  2,  Overall  spontaneous  and  NlSiK-induced 
frequencies  of  micronuclei,  nudeopiasmic  bridges, 
and  nuclear  Duds  per  tt000  binucleated  cells  by  age, 
gender,  and  year3  smoked  in  lung  cancer  cases  and 
controls  (Gonrd) 


Casa 

Control 

mean  ±  SE 

mean  ±  SE 

(median) 

(median) 

Age  >62  y 

MiLtonudei 

4,3-1  ±  022  (4.0) 

2.75  ±  045  (3.0) 

Nutieoptoadc  bridge 

8,15  ±  0,33  (8.0) 

235  £  ai4  (2.0) 

Nuclear  bud.« 

D.90  ±  047  (ID) 

aio  x  aos  (ao) 

Years  smoked  £32 

Mkronucki 

263  £  032  (4.0) 

2.S1  £  1.02  (2D) 

Nucleofteimc  bridges 

9,25  4  0.%  (8.3) 

236  £  0.19  (2.0) 

Mucker  bud® 

1.13  ±  0.44  (1,0) 

006  £  0.04  (0.0) 

Yean>  smoked  >32 

Mkmrtucki 

4,33  ±  MO  (4.0) 

2.69  £  042  (3D) 

NuckopUismic  bridges 

8.07  ±  0.19  (Bill 

2.39  £  009  (2.0) 

NncUs&r  bud® 

LOS  t  001  (L0) 

0.13  ±  004  (0D) 

Histury  of  aicoixi!  use;  yes 

Micnsnuclcl 

427  £  044  (4.00) 

2D1  £  045  (200) 

Nuckoplasuic  bridge 

8.14  ±  0.24  (8.00) 

232  ±  04.2  (200) 

Nudear  bud® 

1,04  ±  0,11  (l.tffi) 

an  £  o.o4(o.oo) 

IlkUaT  of  aieoiiol  use;  no 

MicmiuMika* 

426  ±  0,1-1  (400) 

234  1  045  (3DO) 

Nuckcplasmic  bridges 

SIM  £  032  (8.00) 

2.40  ±  043  (2D0) 

Nod^or  buds 

1.09  ±:  0.18  (100) 

0.14  £  004  (0,00) 

60>J  ±  032;  P  <  0,001  )>  Twenty-four  percent  of  the  patients 
self-reported  a  family  history  of  cancer  in  first  - degree  relative 
compared  with  22%  of  the  controls  (P  =  0.780).  Cases  had*  on 
average,  smoked  cigarettes  for  42,1  years  compared  with  37.7  yearn 
for  controls  f P  <  0,001),  hut  both  groups  smoked  about  the  same 
number  of  cigarette  per  day  (.mean  number  of  cigarettes  per  day  ± 
SB,  3(12  ±  138  for  eases  and  29.2  ±  131  for  controls:  P  »  0.051  K 
t+requmicim  of  cytogenetic  endpoints  by  case -control 
it  atm,  Ovemlf  the  lung  cancer  cases  exhibited  significantly  higher 
values  of  all  cytogenetic  end  points  than  the  controls  (Table  2).  The 
P$  for  all  Wilcoxons  rank-sum  tests  were  <O.OOT 

Frequenrics;  of  spontaneous  cytogenetic  endpoints.  Data  on 
sponttmemu*  mrcranudeus*  nueleopiasmic  bridge,  and  nuclear  bud 
frequencies  by  age,  gender,  and  year*  of  smoking  are  summarised 
in  Table  2,  Table  3  shows  dial  —47%  of  the  cases  had  ^4 
mieromidei  per  1,000  bim.jdcai.cd.  cells  compared  with  12%  of 
control  subjects  and  that  40%  of  the  control  subjects  had  0  or  l 
miemnudeus  compared  with  only  9%  of  the  eases  (P  <  0.001 }, The 
mean  .number  of  spontaneous  micro  nuclei  ±  SB  was  significantly 
higher  in  the  ca $m  (Ml  ±  a  13)  than  in  the  control  subjects  (138 
±  032;  P  <  0iJOi)+  Similarly,  -66%  of  the  cases  had  ^4 
ntideoplasmk:;.  bridges  compared  with  none  of  the  control  subject, 
whereas  86%  of  the  controls  had  0  or  1  nucleoplasm!  c  bridge 
compared  with  none  of  tile  omes  (P  <  aOGfji  Furthermore*  the 
number  of  spontaneous  nuetepksmie  bridges  was  significantly 
higher  in  the  cases  (mean  ±  SE,  434  ±  030)  than  in  the  conXmk 
tmean  ±  SB,  0-57  1  0.07;  P  <  0,001),  With  regard  lq  frequency  of 
nuclear  bud  distribution,  -95%  of  the  controls  exhibited  no 
spontaneous  buds  compared  with  73%  of  cases.  Only  5%  of  the 
controls  hud  1  spontaneous  bud  compared  with  25%  of  the  cases 
[P  <  0,001).  Overall,  the  averse  number  of  spontaneous  buds  w&s 
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Table  -3*  Distributions  and  risk  estimates  of  lung 
cancer  for  spontaneous  and  NNK-irtducad  microriucfei, 
nudeoplasmlc  bridges,  and  nuclear  buds 

Variaote  Casa  Control  OF) 

paiiems,  fcuojftcis,  (95%  C!J' 

n  (%)  n  (%)  orP‘ 

Mt(fWjnucU?r 

Pv&nstrtW  x*1  Ural 

$r  l 

13  $PA1 

33(46)3) 

2  ^r  $ 

61  (4M) 

63  (48.5) 

65  (46^  ) 

15  (I1..5) 

<0.001 

Nm  mdmed 

1  m  2 

5(3Jj) 

64  (49.2) 

&m4 

7&  (56,0 

58  (44£) 

56  (40.3) 

<0.Wi 

MuiovoriAie 

m 

m 

2 m  (L60-X65) 

iNiNK 

m 

m 

2.12  (232-180) 

brkipis 

\J  l€JSt 

0  \ 

a  (0.6) 

112  (8621 

Jorl 

48  (3*1.5) 

18  (1S.91 

m 

^1  (65*5) 

0  (0,0) 

<0.001 

MNfK  imiuced 

0  or  a 

0 10O) 

m  WM 

1  at  S 

15  (I&8) 

46  (35.4) 

H 

134  (89.2) 

o  (ao) 

<aooi 

Multivariate  logistic 
iuiAlysiK 

ms 

m 

mm  $M"ii2M} 

SNK  induced 

13$ 

130 

45.52  {4A&4TU7) 

^^idva^  buds 

flearsan*  XJ  £iWff{ 

spi>fiLkne«;Hit 

0 

102  |?3.4) 

122  mS] 

t 

!» (25.2) 

6  (4*7| 

Ti 

2  (1.4) 

0  (Si)} 

induced 

0 

•a  (Hm 

A  t3  imst 

mms) 

IS  { US } 

£2 

sa  m,&) 

mm 

omi 

My&v&r&i#  ^gsctlc 

iMpipis: 

m 

m 

6*53  [23M&01) 

VSJK  mduccd 

m 

m 

10.10  (  4*67  -21*87) 

’  AUfuvL’/ti  by  agtr.  g-ttmter,  htetory  of  alcohol  use*  number  of  years 
ivMnj-d  m'A  of  dg&rc&es  *mnked  per  day. 

'  f**  ■*;  .■  derived  ttmi  tk&  Fwifi's  x*  test  a«d  aft-  two  Aided. 


^niftrantiy  higher  in  the  cases  titan  in  tire  control  {mean  ±  KE, 
'  -  0T4  and  OM  ±  O.QZ  respectively;  P  <  0,001)*  No  substantial 

f  imi  !';  were  detected  when  the  frequencies  of  micronudei, 
iicJeopUsrmi;  bridges,  and  nuclear  buds  were  stratified  by  gender* 
•  lii .  J mmfy  hktwy  ol  cancer,  number  of  years  smoked,  number 
:  ngarefto  per  day,  tumor  histology,  or  disease  stage.  When  the 
■  mkiranudei  data  were  analysed  as  a  continuous 

■:^iable,  mm$  muinvarate  logistic  regr^sim  there  wm  a  1 


hicrciise  m  lung  cancer  risk.  (95%  CL  1*6CKL63)  for  each  burnt 
increase  in.  imcmnndcus  frequency,  Similarly*  when  spontaneous 
midgophsmic  bridges  were  analyzed  as  a  continuous  variable, 
there  was  a  29*054bld  increase  in  lung  cancer  risk  (95%  CL  7*48 
11  ISO)  for  each  X~umt  increase  in  nudeoplasrnic  bridges.  For 
the  n ud ear  buds,  there  was  a  6,5ToI<I  increase  in  lung  cancer  risk 
(95%  CL  237- 18*01}  for  each  l -unit  increase  in  spontaneous  bud 
frequency  (Table  3)* 

Frequencies  of  NNK-induccd  cytogenetic  endpaiatio  Data  on 
XNK- induced  micronucleus,  nudeopksmic  bridge,  and  nuclear 
bud  frequencies  by  age,  gender,  and  smoking  status  are  also 
summarised  in  Table  T  Table  3  shows  that  substantially  more  cases 
had  >5  NNK- induced  micro  nuclei  per  1,000  bmudeated  cells  than 
controls  (40%  versus  6%);  oonveody,  far  iWer  eases  ihm  control 
had  only  l  or  2  NNK-mdueed  micrcmudd  (4%  verms  Am 
P  e  0,00 h  Fig*  IA)<  The  differences  were  even  more  pronounced 
for  gp&n$&xi@$tt£  and  NNWndaxM  nudeopksmic  bridges.  The 
mean  number  of  NNKdndoced  mk^onudei  ±  SE  waa  significantly 
higher  In  eases  (4*32  ±  0*10)  than  in  controls  (2*62  ±  0*10} 
P  <  0*001).  As  reported  in  Table  3.  —  89%  of  the  ease  patients  had 
>6  NNK*induced  nudeopiasmic  bridges  compared  with  none  of 
the  control  subjects.  Conversely,  65%  of  the  control  subject*  had 
0  to  2  NNK  induced  rmdeopksmie  bridges  compared  with  none  of 
the  case  patients  (/*  <  0*001;  Fig.  I B}>  The  number  of  NNK-Tndueed 
nurteopksmie  bridges  was  also  significantly  higher  in  cases 
(mean  ±  SE,  8.12  ±  0.19)  than  in  controls  (mean  ±  5E,  2.38 
X  0*09;  P  <  0*001), 

There  were  m>  substantial  deferences  when  the  frequencies  of 
\\:K- induced  ralcremudei  and  mi&mpkkmmt  bridges  were  strati 
ifkd  by  gendon  age*  family  history  of  cancer,  number  of  years 
smoked*  number  of  dgur^f.m  per  day  tumor  histology,  or  disease 
When  the  NNK- Induced  micronudtti  data  were  analysed  a.s  4 
continuous  variable,  there  was  a  232“ fold  increase  In  lung  cancer 
risk  (95%  Cl,  242-480)  for  each  I -unit  increase  in  NNK-  induced 
mkTonudei*  Similarly,  NATO  induced  nucleoplasm ic  bridges 
showed  a  4542-ib M  increase  in  lung  cancer  risk  (95%  CL  4 Ab- 
422*17}  for  each  l-cinit  Increase  in  frequency.  With  regard  to  bud 
distribution,  23%  of  the  cases  had  >2  NNK- induced  buds 
compared  with  -2%  of  controls;  £7%  of  the  controls  Itad  no 
NNK-iodiicod  buds  compared  with  35^  of  die  case  patient*  (T  < 
0,001;  fig,  .1  C\  The  number  of  NNK-induced  buds  was  significantly 
higher  in  eases  than  in  controls  (mean  ±  SE.  L07  ±  0.09  and  0,12 
±  0*03,  respectively;  P  <  0*001}*  When  Lite  nuclear  bud  frequency 
was  analysed  as  a  continuous  variable*  there  was  a  HU -fold 
increase  in  lung  cancer  risk  (95%  CL  4*67-21.87)  for  each  1-unit 
increase  in  NNfti induced  buds*  Similar  patterns  of  difference 
between  cases  and  controls  were  observed  for  micro  nuclei, 
mideoplasmic  bridges,  and  nuclear  buds  within  subgroups  of 
subjects  stratified  by  gender,  age,  family  history  of  cancer,  number 
of  years  smoked,  number  of  cigarettes  per  day,  tumor  histology* 
and  disease  stage  (Table  3). 

To  ensure  quality  conimL  20%  of  the  slides  were  randomly 
selected  for  "blind  restoring..  Agreement  between  the  original  data 
and  the  rescored  data  was  measured  using  Urn  Cohen  s  k  statistical 
test  A  Statistically  signihe&M  value  of  P  <  0,001  vm  obtained  for 
both  spontaneous  and  NK&in&uced  variable,  indicating  that  the 
agreement  between  the  original  and  the  rescored  data  was  not 
attributable  to  random  chance* 

CBMX  assay  results  as  a  predictor  of  case-control  statiis. 
Using  the  75  percentile  of  the  controls  as  a  cutoff*  the  sensitivity  of 
the  CMBN  assay  was  %*4%>  14)0%,  and  100%.  for  the  micronudeii 
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tmcimpimmk  bridges,  mid  tmcte&r  budt,  respectively.  The 
of  the  assay  vim  mm*  100ft,  mid  im%  for  die 
mwmmwtivt  ruiden  picnic  bridge  md  rmck&r  hods,  respectively, 
11k?  probdbdttu\i  that  a  study  subject  was  4  erne  based  on  various 
sui  mrau  f.or  the  number*  of  mtemtmcfe  nudvnpiasmte  bridges, 
^rtd  midea&r  hmh  were  caJcuiated  f Table  4%  The  numbers  of 
■  •  oromis  i«M.  mi cJcopiKSo  1  u *  bn dge  * ,  and  mid r  buds  were  d elmed 
;  percentile  sept  jhMs  ill  the  control  data  Tba  probability  of 
I'M'-ng  *1  Lsise  snorm^J  the  percentile  cut  points  increased  lor 
high  numbers  of  mmxmmki.  nudeoplasmjc  bridges,  or  vmkm 
fhr  mtmfem  of  spontaneous  and  NNK-induced  mkromidd 
^Juiwed  no  dl&mnsv:  m  terms  of  predictive  capacity  ni  the  90th 
,-va:oniiin.  The  numbers  of  spontaneous  and  NNK*  induced 
i-urtwipimtmc  bridge  showed  a  slight  difference  in  terns  of 
>  a- ■:■  c&ym fly  at  the  90th  percent ri,-.  with  the  number  of 
•hived  rmdmpla^mh;  bridges  having  a  better  predictive  capacity 
i*  -.j  ‘.rat.  of  nucfeupiaamic  bridges.  'The  number  of 

NK  induced  nncfe&r  buds  showed  the  highest  predictive  capacity 
'  u.«  ifertse  mi I  points  at  and  above  the  85th  percentile.  On 
combating  alJ  three  end  points  and  by  using  the  ?$  percent.de  of  the 
controls  k.c  ;i  cutoff  I  hi:  CBMN  assay  semitivlty  for  detecting 
MSflC*todiiu-d  damage  was  %.4%*  with  sped  Hetty  and  §43$ 
fMisitiw  pmdlctive  value. 


Discussion 

In  the  current  study  wi  tested  the  sensitivity  of  the  study 
subject#'  lymphocytes  to  the  tobacco- specific  rutroaamme  NNiC 
because  it  represents  an  importam  class  of  carcinogens  known 
to  be  associated  with  the  development  of  lung  cancer, 
particularly  adenocarcinoma,  which  is  now  the  leading  lung 
cancer  histologic  subtype  in  the  United  States,  having  surpassed 
squamous  cell  carcinoma  {!?}.  Our  results  show  that  cases  and 
controls  bad  differential  sensitivity  to  the  genotoxk  effects  of 
NNK  The  lymphocytes  from  patients  with  lung  cancer  were 
significantly  more  sensitive  to  NNK*  with  Ifi-(  3.4-,  and  &9Told 
increase*  in  mteromideus,  aucleoptemc  bridge,  and  nuclear  bud 
frequencies,  respectively  over  controls.  The  results  of  this 
analysis  also  show  that  NNK-mduced  cytogenetic  damage 
(aepressifid  in  terms  of  micronudcu#,  nudeopksmic  bridge,  md 
nuclear  bud  frequencies)  seem#  to  be  a  highly  sensitive  predictor 
of  lung  cancer  status. 

Tobacco  smoke  contains  an.  array  of  potent  carcinogens, 
including  polycyclic  aromatic  hydrocarbon#,  aromatic  amines, 
and  ^mtitsamines.  Among  the  polycyclic  aromatic  hydrocarbons, 
he nzoltf] pyrene  has  been  the  mo#i  extensively  studied,  and  our 
research  to  date  has  focused  largely  on  this  carcinogen. 
Ben? Lj[n] pyrene  is  effective  pulmonary  carcinogen,  Inducing 
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Figure  u  A  frequency  of  NNR- induced  mk^foouctei  by  qsse-eontrel 
status.  Forty  pertieni  of  the  cases  had  ->5  micron  uctei  (Mm  versus? 
6%  of  the  control  SH  fluency  of  NNK- induced  nuciecjj&smic 
bridges  by  citM^confroi  sta^s.  Eighty- nine  percent  of  the  £&m$  had 
a  6  hucteoplasmk;  bribes  iNPBs)  versus  0%  oi  the  controls. 

C,  fre^Kency  of  Kddear  bods  by  case-centra!  status. 

TVrenty-thres  percent  of  m  had  >2  m^iear  butts  {NBUDs) 
versus  2%  centrals. 


Number  of  NNK “induced  NBUDs 
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4-  F'obatwiiy  of  being  a  case  based  on  various  percents  cut  points  for  the  numbers  of  micronucfai,  nudeoplasmic 
bridges,  am  nuclear  buds  in  the  controls 
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h  i'dtennmmh  squamous  cell  uardiioma  m  intmlradbeal  insUSI.a- 
i=.in  into  rm  md  hamsters.  Tobacro^padiic  nitrosammes  m1 
.:!  in  high  coijc^iitjraLioTvs  in  m&mstre&m  Smoke  (28).  The 
poieM  txmmnimmc  member  of  this  group,  as  shown  m 
•■  re  animals,  is  NNK  (29),  NNK  inducts  lung  adcmcare 

;iick|^odcnl  of  route  of  admin istratlon  and  in  both 
■n^c tpuhte  jod  res.iitimt  sum  ns  of  mice  |3D),  The  estimated  NNK 
:k>s^  of  iitetiitif*  smokers  (2  packs  daily  for  40  years)  is  1,6  mg 
^NK..4:-:.  body  weight  till  l  dose  to  the  lowest  dcse  shown  to  induce 
drears  m  mu  {  IS  mg;  ref,  32),  The  total  level  of  NNK  in 
mainstream  .smote  ;s  3  Jo  15  rimes  that  of  benro^Jpyrene  (33), 
Gender  tiiifeiiinces  and  DMA  repair  allelic  variants  have  been 
reported  Us  modulate  tkm  effect  of  NNKdnduced  genotoxic  damage 
UMUg  ihe  conventional  chromosome  aberration  assay  (24,  '25) 
ar  fluorescence  iff  miu  hybridisation  assay  lining  chromosome 
H^-dk:  probes  in  healthy  smokers  and  nous  mote:  control#  (36)* 
relation*  NNK  was  shown  to  be  a  potent  mutagen  using  both 
'he  Kmia  Saiitmc^k  assay  and  the  oyferormdeu#  test  in  Swiss 
■Vi we  (34), 

The  C'BMN  assay  is  a  genotoxieify  assay  that  provides 
infornf^ta  on  a  variety  of  chromosomal  damage 

■  ilsai  reflect  chromosomal  breakage*  duomosome  re- 
irrrmgcmeats,  and  gene  ampMcatian.  In  the  current  study*  the 
i  requeue ws  of  mfomtucki  Buckoplusmie  bridges,  and  nuclear 

■  iig^dicamly  higher  in  the  lung  cancer  patieoi#  than  in 
< **$&'  Cheng  el  al.  reported  similar  results  alter  evftlimmg  the 

rucram x&m  frequency  in  42  paM mu  with  lung  cancer  and  55 

■  narob  PSl  The  sqxiuOuEnfiy  higher  spontaneous  rmcronudci 
h  v-b  observed  **»  the  ^wses  suggest  n  higher  background  level  of 
mn&uv  instability  in  the  osemsw  patients*  The  effect  of  smoking  cm 

:  frequency  in  peripheral  blood  ^mpkeytss  has  not 

across  studies,  which  generally  hmi  been  smalt 
not  properly  dfe-signffid  to  detect  the  effect  of  smoking  as  the 
w.mi  i  Kit  come  measure  (36-3S),  However*  a  pooled  rcanalysis  of 
■  |5J10  subjects,  of  which  1*409  were  current  smokers) 

:ViiTi  -■•»'  HOMN  Ifepje&t  revealed  tha t  micro  nude  us  frequency  was 
tnllumced  b?  the  number  of  cigarettes  smoked  per  day  among 
vobieote  occupationally  exposed  to  §mmUmc  agents,  whereas  a 
: reUuped  curve  was  observed  for  mmeoqsaied  smokers,  with  a 
agmficatti  merease  of  ouctonudem  frequency  in  individuals 
nmokuag  >Ik)  cigarette*  par  day  (frequency  ratio,  1.59;  95%  Cl 
:  ref*  39V  Our  results  showed  no  significant  association 

between.  mkrom.EdeuB  frequency  and  mm,  gender,  or  smoking 
u:&tu$,  whidi  i*  in  ugrvem±mr  with  the  results  reported  by  Cheng 
,-.i.  i The  curnro?  study  m,  to  mix  knowledge,  the  first  to  report 
^igri.ciican%  higher  frequency  of  spontaneous  nudeoplasmic 
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bridges  and  nuclear  buds  m  a  lung  cancer  casMontrol  study*  thus 
supporting  die  hypothesis  of  b reateige- fus ion  - bridge  cycle  mech- 
anism  of  hypermutation  during  carcinogenesis  (reviewed  m  tefe 
%  13).  Gmefescm  ct  al  (40)  reported  that  abnormal  nuclear 
mgrpbdogy  (sasodaied.  with  nudeoplasmic  bridges,  micronucki. 
and  rmclear  b^l#)  is  indicative  of  signihcatil  gentimic  instability 
wiliiin  ctM  and  is  a  common  feature  of  a  wide  variety  of  cancers, 
An  increase  m  the  frequency  of  these  chromosomal  damage  end 
points  in  a  surrogate  Umw.  mch  as  peripheral  blood  lymphocytes, 
would  imply  constitutiorud  sensitivity  to  genetic  damage. 

Several  epidemiologic  studies  employing  a  variety  of  measures  of 
DNA  repair  capacity  hav^  been  done  to  comp&m-  cancer  patients 
and  healthy  control  subjects  and  thereby  assess  the  role  of  repair 
capacity  m  cancer  risk  { I %  Using  a  variety  of  in  vitro  assays,  we 
have  vhewn  previously  (41-45)  that  sensitivity  to  mutagens  varies 
widely  between  subjects  with  and  without  cancer  and  that  tins 
variation  iracslate#  into  inierindmduai  variability  m  susceptibility 
to  in  vitro  carcinogenic  challenge*  The  mutagen  sensitivity  assay 
measures  indirectly  an  individual#  DNA  repair  capacity  bom 
ceUuiar  damage  remaining  alter  an  in  vitro  mutagenic  exposure 
and  subsequent  recovery*  This  assay,  developed  by  Hsu  eL  aL  (451 
reject#  general  and  nunspeinlic  ini  palm;  vnt  of  the  DNA  repair 
machinery  and  host  genomic  stability. 

Our  current  study  mt  to  our  knowiedge*  the  ftrei  in  validate  die 
»se  of  the  CBMN  sum  with  NNK  as  tile  challenge  mutagen,  in  a 
cmQmontrol  study  by  testing  the  sensitivity  of  this  genomic 
instability  biomarker  as  a  predictor  of  lung  cancer  risk*  Table  4 
shows  the  predictive  probabilities  for  being  a  case  based  on  various 
ciitpoint#  for  the  numbers,  of  spontaneous  and  induced  micro- 
nuclei  nudeopfeamic  bridges,  and  nuclear  buds,  alone  and  in 
combination*  m  defined  by  the  frequency  distribution  in  confroJ 
subjects.  The  probability  of  being  a  ease  increased  as  the  percentile 
outpoints  increased  for  all  cytogenetic  end  points  and  the  highest 
probabilities  were  observed  when  spontaneous  and  NNK- induced 
cytogenetic  events  were  combined.  The  cuse-conlrol  differences 
wore  #0  striking  thM  wm  considered,  bui  rejected,  feteruative 
explanations.  All  the  casus  were  enrolled.  &£  diagnosis  and  before 
initiating  treatment;  the  assays  were  done  Mindly  and  in  batches* 
We  rescored  randomly  selected  samples  and  obtained  high  levels  of 
reliability*  Further*  the  values  did  not  differ  according  to  smoking 
duration  or  intensity  and  especially  not  disease  stage  (lessening  the 
likelihood  that  this  is  a  tumor  marker  rather  than  a  marker  of  risk). 

Ihis  assay  has  been  mm  to  study  susceptibility  to  other 
mutagenic  agents*  Scott,  et  ah  (47)  showed  that  individuals  who 
developed  breast  cancer  mid  their  relatives  were  more  sensitive 
than  controls  to  the  DNA-d^magtng  effect  of  ionizing  radiation  as 
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■  wit  mtoronuctau  frequency.  This  aenafcivily  wm.  observed  in 

K*  rfli  aw  of  BHAC  A 1  mift&dm  mams  and  was  indicative  of  a 
dbta.  10  dnubte-M  rand  bre&k  (41),  thus  suggesting  that  this 
R»>&y  ^  U^fui  not  only  us  a  marker  of  DMA  damage  but  also  as  a 
?»n:ans  of  the  DMA  repair  phenotype.  Umegald  and 

;  '^nfi  ;  j  f)  fmmtly  validated  the.  use  of  micteoplasmk  bridges 

»  '  imuarker  of  .ON  A  thunage  a;  a  human  H  lymphoblasiotd  cell  line 
-  i  >VU  M^ieopl^mu:-  bridge  frequency  m  bmudealed  celh 

■  ■  •used  up  to  2IMbl.d  in  the  WTL2-NS  calls  .tdative  to  control  cells 

ropiest  ia  agetsts  known  to  induce  DNA  stnmd  breaks;  the 
elTirirt\  w«rt-  inurul  u-  be  dose  dependent  Crott  fet  at  (4§)  recently 
•  !■  tte  Creqnency  of  midaopia^mk  bridges  and  nuclear 
bods  <  nr  related  sjgmikuiitfy  and  negatively  with  folic  acid 

■  o.ni-e£ttrations*  suggesting  that  these  chromosomal  imd  points 
may  hr  indited  by  folk  add  ddlckttcy*  In  addition  Kimura  et  &3. 
$50)  Showed  a  ^giiiflcanf  dhset  of  medtylenetetnahy’drofolaU 
rrducluM  C677T  pOlfmorphiM  and  folk  add  concentration  on 
m.eronudtti,  miok^plasmic  bridge,  and  nudear  buck  in  human 
lv;nphwm«s,  Heceody.  our  group  reported  that  polymorphisms  m 
u * 1 1 ft? ^  au’olved  m  Mute  metabolism  were  Mandated  with  lung 
-•■:•■■  rUlc  m  efcd  that  may  bo  modulated  by  'diat^ry  nutrient 

••  We  pi&n  on  gefsmyping  all  of  the  study  subjects  id  oar 
<drrm  Mudy  if  detemiinp  the  effect  of  genetic  polymorphisms  in 
1  =  >-  fftim  p*rfom  ■  ■«  modulating  the  frequency  of  the  measured 


endpoints.  In  addition,  one  of  the  advantages  of  the  CBMN  assay  is 
the  capability  of  comprehensively  assessing  DNA  damage  through 
measuring  the  frequency  of  apoptosis,  necrosis,  and  number  of 
mfotitfttcEei  in  mononuckated  cells.  Such  variables  are  available 
for  all  the  study  subjects  included  in  our  study  and  we  plan  to 
report  our  findings  as  soon  m  the  data  analysis  is  complete. 

In  summary  our  study  shows  differential  sensitivity  of  peripheral 
blood  lymphocytes  from  lung  cancer  patients  and  healthy  controls 
to  NNKdfiduced  genetic  damage.  The  data  provide  convincing 
evidence  that,  the  CBMN  assay  is  a  robust  test  for  detection  of 
this  sensitivity  and  yields  results  that  are  a  good  predictor  of 
lung  cancer  risk.  The  simplicity,  rapidity,  and  sensitivity  of  the 
CBMN  test  make  it  a  valuable  tool  fat  screening  and  possibly  for 
prioritising  potential  cases  for  early  detection  of  the  disease.  This 
assay  seems  to  give  results  that  yield  more  accurate  predictions 
than  other  phenotypic  assays  also  undergoing  assessment  m  this 
population  of  lung  cancer  cases  and  controls. 
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Liposomal  vector  mediated  delivery  of  the  3p  FUS1  gene 
demonstrates  potent  antitumor  activity  against  human  lung 

cancer  in  vivo 
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:.^ng  cat^er  is  one  ot  the  leading  mums  of  death  m  the  world  The  underlying  cause,  for  lung  cancer  has  been  attributed  to  various 
uiexms  that  include  alteration  and  mutation  in  the  tumor  suppressor  germ  Restoration  of  normal  function  of  the  tumor  suppressor 
gene  is  a  potentiai  therapeutic  strategy.  Recent,  studies  have  identified  a  group  of  candidate  tumor  suppressor  genes  on  human 
chromosome  Jpo;  A  that  are  frequently  deleted  m  human  sung  and  breast  cancers.  Among  the  various  genes  identified  in  the 
:>p213  region,  we  rested  the  antitumor  activity -of  the  FUS1  gene  in  two  human  non-smalficeli  lung  cancer  (NSCLQ  xenografts  in 
vwa  mtmumnral  administration  of  FiJSt  gene  completed  to  DOTAP.cboiesterol  (OOTAPChoh  liposome  into  subcutaneous 
■  H290  and  AS4U  lung  tumor  xehogrsft  resulted  in  significant  lP^.02)  inhibition  of  tumor  growth.  Furthermore,  intravenous 
rg-ctvvns  ai  DOT  \ P:C  ml-FUSl  complex  Into  mice  bearing  experimental  A549  lung  metastasis  demonstrated  significant  (P  ,0Q1 ) 
decrease  m  the  number  of  metastatic  tumor  nodules.  Finally,  lung  tumor-bearing  animals  when  treated  with  DGTAP:ChokR/5* 
tompiex  demonstrate  pro  longed  survival  (median  survival  time:  80  days,  ,01)  compared  to  control  animals.  This  result 
remonstrates  the  noient  tumor  suppressive  activity  of  the  FU51  gene  and  is  a  promising  therapeutic  agent  for  treatment  of  primary 
and  disseminated  human  lung  cincer. 

Cancer  Gme  Therapy  «004)  11,  733km  dor.  10.1  Q38/$j,cgt?7007$6 
Published  online  IS  October  2004 

keymxtk:  HJSt;  (mg  cmwm;  lipm&me;  tumor  suppressor 


Luu#  cancer  m  the  most  common  malignancy  and 
leading  mum  of  death  in  the  Western  world.1  Current 
xmimam  m  include  surgery,  chemotherapy,  fa¬ 

llen  an  or  &  combination  of  therapies.2  5  Despite 
•mmb*. 4 1 i i  ad vances  mu de  d uring  ihc  pas t  severa  1  decades 
'  >r  he  treatment  of  lung  cancer,  the  overall  5-ycar 
survival  rule  is  poor.  Therefore,  identification  of  new 
he  ra  pen  tic  targets  and  treatment  strategies  are  essential 
■  or  HuccwsCal.  control  of  the  development  and  progress  of 
Tmg  emmr  Although  many  genes  that  are  frequently 
altered  in  lung  cancer  have  been  identified  in  the  past, 
mm.!  ihese  changes  occur  at  later  stages  of  cancer 
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progression.  Thus,  identification  of  gene(s)  that  are 
altered  in  the  early  preneoplastie  stages  and  restoration 
of  these  gene  functions  may  prevent  tumor  progression. 
Therefore,  exhaustive  searches  for  the  identification  of 
genes  that  are  altered  early  in  the  lung  carcinogenesis 
pathway  are  underway  by  several  investigators.  Recent 
studies  have  demonstrated  allelic  loss  of  ihe  3p  chromo¬ 
some,  in  particular  3p$L3  in  lung  and  breast  cancers,6’'10 
Several  genes  identified  in  the  3p  region  have  been  well 
characterized  with  a  few  of'  them  demonstrating  tumor 
suppressive  activities.  More  recently,  frequent  deletion  of 
a  630-kb  region  on  chromosome  3p21.3  have  been 
demonstrated  in  lung  cancers.11  Subsequent  studies 
narrowed  a  defined  120-kb  subregion  that  is  lost  in  8Q% 
of  primary  lung  cancers,  J“  Furthermore,  this  region  has 
been  identified  to  be  lost  in  the  early  preneoplastic  lesions 
suggesting  a  potential  role  for  regulating  cell  homeostasis. 
Located  on  this  120-kb  region  arc  nine  putative  tumor 
suppressor  genes  lhat  include  the  FUS1  gene.11  Although 


wb  <*  \arit  cancer  by  DOT  A^cV4^n&WFUS?'  ccsmptes 

1  Im  m  &i 


y  3>4 

the  e:ua  function  of  the  FVS1  gene  is  not  known,  recent 
•mdio  Ua  ve  re  parted  FUSJ  to  be  a  mm  or  suppress  or 
.A^:je-  ■ '  "  More  recently,  mymtolyadon  of  the  F£/5/ 
Shawn  as  a  requirement  for  the  tumor- 
suppressor  funci ion  '  Based  on  these  reports,  we  tested 
me  tumor  suppressor  activity  of  the  FVS1  gene  in  human 
iion-smali-ceB  king  cancers  using  a  nonvtral  gene  ther¬ 
apeutic  approach, 

Gene  delivery  vector  utiJs^ed  in  the  present  study  was  a 
muonic  DOT AP ; e h o  Jcstero  1  iDOTAPrChol)  liposome 
that  has  been  shown  to  deliver  genes  dTectiveiy  to  the 
•  u,  r  s  w  i  j  e i :  acl  m  t n is tered  imra  vcnously. 1  ^  Using  DO 
■JAFrCbol  liposome,  we  have  previously  demonstrated 
effective  gene  delivery  of  tumor  suppressor  genes  to 
^bcummam  md  disseminated  t&ng  metastasis  .resulted 
r:  it  thf?mpeuite  efficacy, 17  J*  In  addition,  systemic 
njeajon  of  DOTAP:Chol~DNA  complex  demonstrated 
m-  significant  organ-related  toxicity.  These  results  de~ 
rated  DOTAP:Chol  liposome  to  be  an  ideal  vector 
for  systems  delivery  of  therapeutic  genes, 
in  iht  present  study,  we  demonstrate  into  tumoral 
idtvery  of  FVSI  plasmid  DNA  completed  to  DOTAF: 
'  ’hi  i  liposome  resulted  m  suppression  of  tumor  growth, 
i  unhemsore,  systemic  delivery  of  the  liposome -DNA 
« ompkx  resulted  in  inhibition  of  experimental  lung 
meias t&m  md  prolonged  animal  survival.  This  study 
demonstrates  the  potent  tumor  suppressor  activity  of  the 
FL  Vr  and  indicates  n  to  be  a  therapeutic  gene  for  the 
.  r v arm e at  of  pn.m.ar \  a nd  d issem i na ted  I u ng  canee r . 


.Material  and  methods 

Materials 

DOTAP  and  cholesterol  were  purchased  from  Avanti 
Polar  Lipids  (Albaster.  AU  RPMF1640  medium, 
Ham ’0*1 2  medium  and  fetal  bovine  serum  (FBS)  were 
pmvkttwd  from  GIBCCTBRL-Life  Technologies  (New 
York,  NYi  Rabbit  ami-FUSl  poylclonal  antibody  was 
developed  agamst  a  synthetic  oligopeptide  (gasgskai^wp- 
(<*&& }  derived  from  the  N~  terminal  ammo-acid  sequence 
the  r  US]  protein  (Beihyl  Laboratories,  Montgomery, 
TK)  and  used  lor  immunohistochemical  analysis  and 
Western  biorang, i? 

Celt  lines  and  am  mats 

Human  aon-smalLodi  lung  carcinoma  iNSCLC)  ceil  line 
H:2Y-  was  a  gift  from  Drs  Adi  Gazd&r  and  John  D 
hi'mm  CUT  South  western  Medical  Center,  Dallas,  TX)* 
A540  celk  were  purchased  from  American  Type  Culture 
Coifcctfcm  (Manssus,  VAj.  I  i  f 299  md  A 549  cells  were 
mtuntaiiied  in  RPMM640  and  Hams-F12  medium, 
respectively,  that  were  supplemented  with  10%  FBS, 
Y4  glutamate  and  amibioties.  Cells  were  regularly 
passaged  and  toted  for  presence  of  mycoplasma.  Female 
BALE x  nude  (mi/ mi)  mice  (Charles  River  Laboratories, 
Wilmington,  MAJ*  4-6  weeks  old,  used  in  the  study  were 
maintained  m  a  pathogen-free  environment  and  handled 


according  to  the  institutional  guidelines  established  for 
animal  care  and  use. 

Cloning  and  purification  of  plasmids 

PUS!  cDNA  and  CAT  cDNA  was  subcloned  into  the 
multiple  cloning  site  of  pVAX  plasmid  DNA  vector 
containing  k&namycin  resistance  marker  (Invitrogen  Inc, 
Carlsbad,  CAL  Additional  vector  developed  in  the 
laboratory  included  the  pi  J  1.43  /  &GB2  /Fif Si  plasmid 
vector  that  consisted  of  a  CMV  minimum  promoter  with 
an  El  enhancer  at  the  $f  end,  a  BGH-poly  A  signal 
sequence  at  the  5^  end,  kaaamy  dn-resi stance  gene,  and  a 
minimum  pMBI  origin  of  replication  (ori)  sequence.  The 
presence  of  the  appropriate  inserts  was  confirmed  by 
DNA  sequence  analysis  and  by  restriction  enzyme 
analysis.  The  plasmids  were  subsequently  transformed 
into  Escherichia  co(L  DH .5-at  strain  (Strata gene,  Carlsbad, 
CA)  and  were  purified  as  described  previously.16’11 

Synthesis  of  liposomes  and  preparation  of 
DNA: liposome  complex 

An  amount  of  20  mM  DOTAPiChol  liposome  was 
synthesized  and  extruded  through  Whatman  Filters 
(Kent,  UK)  of  decreasing  size  (TO,  0.45,  0.2.  and 
0J  mm)  as  described  previously,1 For  preparation  of 
DNA: liposome  complexes  DOTAPcChol  (20  mM)  stock 
solution  and  DNA  solution  diluted  in  5%  dextrose  ra 
water  (D5W)  were  mixed  in  equal  volumes  and  mixed  to 
give  a  final  concentration  of  4mM  DGTAPrChoM 50 fig 
DNA  in  500 id  final  volume  (ratio  1:2.6)  as  described 
previously JT  The  DNAilrposome  mixture  thus  prepared 
was  used  in.  all  the  experiments  described  in  the  present 
study. 

Measurement  of  panicle  size  analysis 

Freshly  prepared  DNA  Liposome  complexes  were  ana- 
lysed  for  mean  panicle  size  using  the  N4  particle  size 
analyzer  (Coulter,  Miami,  FL),  The  average  particle  sm 
of  the  DN A: liposome  complexes  ranged  between  375  and 
400  mu. 

In  vitro  transfection  and  transgene  expression 

Human  NSCLC  cells  (HI  399,  and  A 549)  were  seeded  in 
six-well  platen  at  5  x  Kr  cells; well  For  Western  blot 
analysts  and  Uf  ceils/ well  in  two-well  chamber  slides  for 
imm  unocy tochemieal  analysts.  The  following  day.  cells 
were  transfected  with  DOTAPrCho CFUSJ  complex 
{2.5  fig  DNA)  in  serum-free  medium  for  3  hours. 
Following  transfection,  cells  were  replenished  with 
complete  medium  and  incubated  at  3?*C.  For  Western 
blot  analysis,  cells  were  harvested  at  24  and  4$  hours  post 
transfection  and  analyzed  for  PUS  I  protein  expression. 
For  immun ocyt  ochsmical  analysis,  cells  were  fixed  in  1% 
giutaralddiyde  and  stained  as  described  previously.^ 
FUS1  expression  was  detected  using  a  polyclonal  rabbit 
anti- human  FUS1  polyclonal  antibody. 
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tnhjfrt&tt  of'h^eancer  by  tX)TAP:dK>!a^cil-FU5J  complex 

i  Ho  m  &f 

:m:i  oi  DQTAP.Chol-tUSl  complex  on  subcutaneous  DOTAP:ChoJ-C4r  complex,  and  treated  with  DOTAP; 

hmg  mmm  xenograft  Choi -FUSI  complex.  Mice  were  treated  with  lOpg 

Prior  to  the  st«n  of  the  experiment  mice  were  irradiated  ONAdiposome  complex  intravenously  (i.v.)  via  tail  vein 

l3JGy)  a  cesium  source  to  enhance  tumor  uptake.  using  a  2 /-gauge  needle  daily  lor  a  total  of  six  doses. 

Brief) v.  female  nu  tm  mice  were  injected  with  5  x  10*  Animals  were  euthanized  by  CO*  inhalation  3-weeks 

H  cdl  and  A54V  cells  into  the  lower  right  flank.  following  the  last  dose.  Lungs  from  cadi  of  the  mice  from 
Tumor  formation  in  mice  was  observed  twice  or  three  lde  ,1VC  §roups  werc  injected  intratracheaily  with  India 

times  weeklv  Treatment  was  initiated  when  the  tumors  mk  and  fixcd  “  Fcketes  solution.  The  therapeutic  effect 

were  50- 100  mm  m  size  (day  0).  Animals  were  divided  of  each  gr0l!Ps  were  determined  by  counting  the  number 

into  croups  i/;  I  (/  group)  and  treated  with  FUSI  metastatic  rumor  nodules  in  each  lung  tinder  a 

plasmid  PN  A.  treated  with  BOTAPtChoi- C4 T complex,  dissecting  microscope  without  knowledge  of  the  treatment 

•m  rested  with  DOTAPtOtoWT'S/  complex.  Animals  grouPs*  Ore  data  were  analyzed  and  interpreted  as 

w.-c  treated  daBy  by  intraromoral  injections  for  a  total  of  statistically  significant  if  the  /'-value  was  <.05  by  the 

Joses  (50 (tig  DMA, dose).  Tumors  were  measured  every  Mann-w hitney  rank-sum  test. 

2  or  3  days  by  using  calipers.  The  tumor  volume  was  . 

calculated  as  described  previously,  ‘ :  Animals  were  Animal  survival  experiments 

euthanized  by^  CQ,  inhalation  when  the  tumor  had  To  determine  the  therapeutic  effect  of  DOTAPtChol- 

;  cached  I  5  cm  m  size  or  was  necrotic.  FUSI  complex  on  animal  survival  female  au/nu  mice  were 

injected  intravenously  via  tail  vein  with  1  x  106  A549 

■  rreef  or  DOTAPrChot- FUSI  complex  on  experimental  fnor  ^Ils  f  .^00 pi  of  sterile  PBS.  After  6 

mg  metastasis  da*s»  m!ce  were  dmded  im°  groups  (*  = 5/group)  and 

treated  m  follows:  treated  with  PBS#  treated  with  plasmid 
n’tcusLi.sis,  temak  nu/nu  mice  were  DNA  alone*  treated  with  liposome  alone,  treated  with 
injected  im  ravenously  via  tail  vein  with  1  x  JO6  A549  DOTAP:Chol-OfT complex,  and  treated  with  DOTAP 

■  <■*"'*  suspended  io  200 pi  ol  sterile  PBS,  After  6  Choi ~FVS1  complex.  Mice  were  treated  daily  by  i.v, 

da>s-  wee  were  divided  Into  groups  («=  10, /group)  and  injections  of  the  liposometDNA  complex  (10 /ig  DNA)  via 

routed  a>  ibjiL'ws.  treated  with  PBS.  treated  with  plasmid  the  tail  vein  using  a  27-gauge  needle.  Animals  received  a 

’>N  '  i tested  with  liposome  alone,  treated  with  total  of  six  doses  (10  pg  DN A/dose).  Animals  were 


Control  Otayl  Oay2  £3ay3 


H1299 


H1289 


A543 


-  ‘juisj  1  Expression  sf  FuS-1  in  lur.g  cancer  cells.  Human  nan-small-ceit  lung  cancer  ceils  {H1299)  were  transfected  with  DOTAP.Chot-Fl/Sl 
(2  o /rg  DNAi  .1':;^  analyzed  for  FUSi  expression  using  an  anii-PUSI  monoclonal  antibody,  (a)  Western  biot  analysis  demonstrated 
■  t -a  i  vxpres&on  or  nay  •  f .  2  and  3  alter  transaction.  (b)  Immunoftstocitemical  analysis  revealed  cell  membrane,  cytoplasm  and  perinuclear 

staining  tor  FUSI .  Hoecftst  stain  mg  indicates  the  nucleus  ol  the  cell, 
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monitored  daih  for  morbidity  and  mortality.  Animals 
■h<u  were  moribund  were  euthanized  by  CO?  inhalation. 
Hie  ihorapcufic  tfTecis  of  the  treatments  were  determined 
b>  suiisticsal  analysis*  using  the  Kaplan-Mder  survival 
eMimuion  and  Wikoxon  signcd-raok  sum  tests. 

■  ^nvtwi  dmxynudeotide  transferase  iTdJhmedlated 
n  lirfc  rrip/iosphaffi1  mdr-ejid  /abeffag  fTDNHd 
a.Hsny  for  DNA  fragmentation 

1  .•  omemimc  the  fate  of  tumor  eel!  fallowing  treatments, 
^ubeutaasous  tumor  tissues  harvested  from  animals  that 
received  various  treatments  were  subjected  to  TUN  EL 
^mining  as.  described  previously.^  Slides  were  coumcr- 
with  h.4%  methyl  g raen.  in  ali  the  staining 
proved  mes.  appropriate  negative  controls  were  included. 
dianH:-,:  :  issue  sections  was  observed  under  microscopy 
and  the  number  of  TUNEL  positive  cells,  an  indicator  of 
upopiotfc  cdk,  were  determined  by  se  ^quantitative 
analysis  m  described  elsewhere.19 

Statistical  analysis 

3 1 vc  statist  toil  significance  of  the  experimental  r mulls  was 
^kuljilMj  mmg  the  Whitney  rank-sum  test  for  tumor 
mtmmmwmU  and  lung  metastasis,  and  the  Wilcoxon 
bg-raiik  test  and  fCuplan-Mekr  survival  test  for  animal 

survival 


Results 

In  vein  expression  of  FUSI  protein 

Fnm  u*  lasting  the  therapeutic  effect,  of  FUSI  gene  in 
expression  of  the  FUSI  plasmid  DNA 
compiled  to  OOTAfhChoJ  liposome  was  tested  in  vitro . 
r  r-i..  steel  ton  of  I  mg  tumor  cells,  HI.299  and  A549 
resulted  in  detection  of  FUSI  protein.  at  24  h  and 
^  b  sfri;  i,0.  Furthermore,  FUSI  protein  was  localized 
ui  -he  cytoplasm  and  perinudem  of  the  tumor 
ceils  k  demonstrated  fey  immumihistochemieai  analysis 
(Ftg  lb) 

uurjojimml  injection  of  DO  TAP:ChoDR)  $ 1  complex 
suppresses  tumor  growth 

We  tested  the  tumor  suppressor  function  of  FUSI  gene  m 
vho  by  direct  » atratumoral  injection  of  DOT AP: Choi- 
Few  complex.  Treatment  of  subcutaneous  lung  tumor 
xenograft  [HI  299,  and  A549)  for  a  total  of  six  doses  with 
l X)  l  A P- C Ik OF £ ■  S /  oompl ex  res ul  ted  in  a  si gmf ic&nt 
’.uppremoo  of  tumor  growth  .005  Tar  HI 299,  and 
J '  tor  >4549)  compared  to  control  animals  that  were 
live  led  with  FUSi  plasmid  DNA,  and.  treated  with 
DOTAPrChol-tViF complex  (Fig  2), 

The  fact  ihm  the  tumor  inhibition  was  due  to  FUSI 
protein  expression  was  demonstrated  by  imiminohisto- 
/ncnr  c&l  analysis,  FUSI  protein  expression  was  delected 
■a  the  $ubruiait«EOus  tumor  tissues  primarily  localized  to 
vc  cytoplasm  as  observed  in  vim  (data  nol  shown), 
Expression  was  primarily  observed  in  the  tumor  cells. 


D0TAI>;Ch^-CAT 


Figure  2  inhibition  of  sufccutanous  lung  tumor  mmgms  by  FUSi 
Subcutaneous  Sung  tumor  xenografts  mm  established  by  injecting 
HI 299  and  A549  tumor  coEEs  (S  %  i0®)  fa  nuds  tm&*  Animals  were 
randomly  divided  into  groups  jr>-  ID/group)  and  treated  wHb  FUSI 
plasmid,  treated  with  DOTAP;CboteC4r  complex,  and  t  mated  wifi 
DOTAF:Chol-FUSf  complex.  Animats  were  treated  when  tumors 
mm  50-100  mm3  (day  0)  daily  for  a  total  of  m  doses  (SO  m  DNA' 
dosa)  &nd  tumor  growth  monitored.  A  significant  InfiiNtion  of  tumor 
growth  was  observed  in  both,  H1299  (P  -  .005)  and  A 54 9  IP  .01) 
tumor-boa  ring  mice  treated  with  OQTAPiChoteFUS?  complex,  In 
contrast,  no  significant  growth  inhibition  was  observed  sn  control 
animals  mat  were  treated  with  PBS  and  treated  with  DOTAP:Chot- 
CAT comptex,  Error  bars  denote  standard  error. 


However,  expression  in  other  cells  intermixed  with  tumor 
cells  were  also  observed.  The  subtype  of  cells  staining 
positive  for  FUSI  in  the  tumor  was  not  determined 
Furthermore,  tumors  treated  with  DOT  AP:ChoKF£/S / 
complex  underwent  significant  apoptotk  cell  death  as 
evidenced  by  TUNEL  staining  compared  to  tumors  from 
those  animals  that  were  treated  with  plasmid  DNA  or 
DQTAPChoUCA  T  complex  (Fig  3)*  Induction  of  apop- 
totic  cell  death  was  observed  in  both  HI 299  and  A549 
tumors. 
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m.m.mm  DOT m'£hd-€fiT  mrAP:CmbFUS1 


H1209 


m 
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Fiqum  3  mthialm  of  apoptosis  in  subcutanous  tumors,  tro&ted  v^rth 
OTap  Cno^FUST  Subcsitenfleya  lung  tumor  (H1299  and  A549) 
seoogf&ite  that  wesr@  iroaied  with  FUS1  ptesmid,  mmti  with 
complex  and  treated  with  DOTAP  ;€hoFFU3? 
■.'s:m$‘&x  mm  MwmtB&  and  subjected  in  TUNEL  staining..  Animate 
wsra  ttmm  BQTAP:Chd-FU$1  complex  demonstrated  16-35% 
iNEL  -posits#  tmmmq  of  tumor  tissues  (33%  for  Hi 299  and  18% 
•J  Ah4S  P  ■  .001),  In  contrast,  m  signiftc&m  growth  inhibition  was 
:.: ' ■‘••"  ved  *n  oooiroi  animate  that  were  treated  with  PBS  and  treated 
v?f,  DOT AP :.Ct\Ql™€A T  complex.  Error  bars  denote  standard  error. 


Intravenous  inject  km  of  DO  TA  P:Chol~FU  S 1  complex 
Tihihiis  experimental  lung  metastasis 

To  im  the  lumor  suppressor  activity  of  F£/£/  on 
sxponmraiai  lung  metasuuef,  lung  turnon  were  estate 
Tshed  b>  . lyceting  A549  tumor  cells  via  tail  vein, 
I mrs* \enous  rrcaitteaia  of  these  lung  tumor  bearing 

aroma  h  xnh  DOTAfcCtol . FUSI  complex  resulted  in  a 

igmifkura  inhibition  {F»;DD1.)  of  lung  metastasis  com¬ 
pared  u*  control  msfamM  that  were  treated  with  PBS, 
sealed  with  FUSI  plasmid  DNA,  treated  with  liposome 
none  and  treated  with  DOT  A  PiChol-OT  T  complex 
me  41.  Animals  treated  with  DOTAP:Chol~C?$r  com- 
o-ex  aomomimied  some  tumor  inhibition  The  ability  of 
f >OT AJP :£heFCA  7*  complex  treatments  to  demonstrate 
>ome  o-  .] tumor  activity  is  not  surprising  and  is  attributed 
nonspecific  a  mi  tumor  activity.  However,  tumor 
tnfabm&ti  was  not  significant  Compared  to  animals 
tr^led  with  I  BS.  treated  with  FUST  plasmid  DNA  and 
; rented  with  liposome.  These  results  show  that  the 
therapeutic  effect  observed  m  lung  lumor- bearing  animals 
a  her  treated  with  DOTAP: Chol-wt FUSI  is  specific  to 
wiFUSI 
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Figure  4  DO  TAP ;  Qhd.-FUS  1  oompte  inhibits  expsmrtemai  lung 
metastasis.  Experimental  lung  metastasis  was  established  m  nude 
mm  by  infecting  A549  tumor  calls  (10*)  via  tall  vein  After  6  days, 
animals  warn  divided  randomly  into  groups  (n=  10/group)  and 
imm&  with  PBS,  treated  with  plasmid  DNA  alone  (lO^g).  ireated 
with  &\omt  treated  with  DOTAP iChoi- CAT  complex,  and 

im&XQti  with  DOT AP: CncF-FUSl  complex.  Animals  were  i rested 
dally  for  a,  total  of  mx  tio&m  (lO^g  DNAdose)  via  tali  vein..  Animate 
were  euthanized  3-we^ks  after  the  last  treatment;  lungs  were 
infected  with  India  ink  solution  and  harvested,  bungs  were  examined 
under  a  stereomicrascope  and  the  number  of  tumor  noduios 
counted.  A  significant  (p=*  .001}  reduction  in  the  number  of  tumor 
nodules  was  observed  in  animate  treated  with  D07AP:Cftol-rDS! 
complex  compared  to  control  animate.  Error  oars  denote  standard 
error. 


intravenous  treatment  of  lung  tumor-bearing  animals 
with  DO TAP:ChoFF U S 1  complex  prolongs  animal 
survival 

We  next  evaluated  the  effect  of  DOTAP:ChoJ-F£/:?/ 
treatments  on  animal  survival*  Treatment  of  experimental 
A 549  lung  tumor- bearing  animals  with  DOTAP:ChoI- 
FUSI  complex  resulted  in  a  significant  (F  =  *01)  and 
prolonged  survival  (mean  survival  time  =  80  days)  (Fig  5), 
In  contrast,  no  significant  survival  of  animals  was 
observed  that  were  treated  with  PBS  (mean  =  47  J), 
treated  with  FUSI  plasmid  (mean  =  51.6),  treated  with 
liposome  (mean  -  47,2)*  and  treated  with  .DOTAPiChol- 
CAT  complex  (mean  -47.8),  Furthermore,  histopatholo- 
giwd  analysis  of  various  organs  demonstrated  no  sig¬ 
nificant  ireatmem-related  toxicity. 


Discussion 

We  have  previously  demonstrated  DGTAP.Chol  lipo¬ 
some  effectively  deliver  tumor  suppressor  genes*  pS3  and 
Flan  to  lungs  and  inhibited  lung  tumor  growth. w 
However,  recent  studies  indicate  that  alterations  in  the 
p53  and  Fhii  |ene  occur  in  the  later  stages  of  lung  cancer 
development  Thus,  restoration  of  a  gene  that  h  altered 
early  m  tumor  progression  may  be  a  better  therapeutic  for 
lung  cancer  treatment  Recently,  identification  of  nine 
genes  in  a  narrow  ] 20-kb  region  on  chromosome  3p2 1 3 
has  been  reported.'"  FUSI  is  one  among  the  time  genes 
located  In  this  region.  However,  the  tumor  suppressor 
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Rgu/e  5  Tmtmm  w*m  QOTAP:Chsl-FUSt  complex  increase 
3nilTi('1  syiVi^jSi  EafHsnfti&ntaJ  lung  metastasis  was  asta&iisiiad  In 
^k*  &¥  idling  A54§  rumor  calls  (10*)  via  tali  vein.  After  6 
^imal%  mm  dmoad  randomly  into  grcupa  fn^&group)  and 
with  PBS,  treated  with  pfasroid  DNA  alone  (to^)P  treated 
.>-■•:  a mmm  mm.  tr&ated  with  DOTARChohCAT  complex,  eno 
wtfft  DO  TAP  Gftoi-  F5LAS?  f  pompte,  Afiim&is  were  treated 
deny  kv  a  total  oJ  $ix  m>m  WtiQ  0 HMsm)  via  tall  vein.  Following 
ia:-tt  iroatmeni  animal  were  mmMiM  daily  for  morbidity  and 
Suiwai  was  ostsmated  by  usmg  the  Kapian-Meier  and 
WLiwwon  signed«rank  teats  Survival  was  signilicamiy  \mgm  m 
."tp.imals  treated  with  DOTA P ; Choi— Fl/S  1  complex  (mean  (survival 
:r  ':  day®:'  -CH)  compared  to  ansmais  that  vmm  immm  with 

:,^s  itwmMmwti  hrne  47.S  cfaysj,  tmated  with  pigismrd  DNA 
survival  time:  Si  6  days)  rma?#d  with  liposome  alone 
survfvu,  time  47*2  days),  and  umm  with  DOTAP:Choh-CA7 
ompmx  (me an  survival  tim^;  4? A  days). 

tuiicuorts  of  each  of  the  nine  genes  have  not  been  well 
studied  hi  the  present  study,  we  therefore  tested  the 
tumor  suppressor  activity  of  FUSJ  gene  in  human  lung 

c^Ecrer  cdh 

Treatment  of  subcutaneous  and  experimental  lung 
metastasis  with  FUSJ  gene  resulted  in  significant  suppres~ 
- ■  tumor  growth  with  induction  of  apoptosis.  The 
of  FUS!  to  induce  apoptosis  and  inhibit  tumor 
th  JS  similar  u>  findings  reported  by  Ji  et  al.!4  That 
h.  observed  tumor  si^presston  was  due  to  FUSJ 
expression  was  demonstrated  by  immunohistochemistry. 
Although  the  exact  function**)  of  FUSl  gene  is  not 
.-mown.  localiatk®  of  the  FUS!  protein  to  the  cell 
neuihrann.  cytoplasm  and  pen  nucleus  suggest  that  it  may 
!mvt*  role  in  signal  transduction.  More  recently,  myristo- 
iyatioa  of  FL'SI  protein  as  a  requirement  for  tumor* 
•suppressive  activity  was  demonstrated. 15  However, 
further  d&racieritatiort  of  this  gene  is  essential  to 
elucidate  its  function. 

!c<  further  evaluate  the  effects  of  systemic  delivery  of 
■‘■'1‘Si  on  experimental  tang  metastasis,  lung  tumor¬ 


bearing  animals  were  treated  with  liposome-FO'S/  com¬ 
plex.  A  significant  inhibition  of  lung  metastatic  tumor 
nodules  was  observed  in  animals  treated  with  liposome - 
FUS l  DNA  complex.  The  tumor  inhibitory  effect  by 
FUS!  was  comparable  to  that  observed  when  treated  with 
p53. "  H owever,  unlike  our  previous  study,  we  used  lower 
concentrations  of  plasmid  DNA  in  the  present  study  and 
still  achieved  the  same  therapeutic  effect.  These  result* 
suggest  two  possibilities,  one  that  FUS  I  may  be  more 
potent  than  p53  and  two,  use  of  lower  concentrations  of 
plasmid  DNA  will  result  in  achieving  the  same  therapeu¬ 
tic  effect.  Preliminary  results  indicate  that  FUSl  is  more 
potent  than  p53  (data  not  shown).  Supporting  this 
observation  is  the  study  by  Ji  et  al. 14,15  In  their  study, 
treatment  with  Ad -FUSS  inhibited  tumor  metastases 
more  effectively  than  A d~pJJ.  Use  of  lower  concentra¬ 
tions  of  plasmid  DNA  also  will  minimise  the  DNA 
associated  inflammatory  response  resulting  in  reduced 
toxicity  and  therefore  be  of  advantage  when  used  in 
clinical  trials.  However,  further  detailed  comparative 
studies  are  warranted  to  justify  these  observations.  The 
nonspecific  antitumor  activity  observed  with  the  CAT 
DNA  is  not  surprising  and  is  in  agreement  with  previous 
reports  where  nonspecific  antitumor  activity  was  demon¬ 
strated  when  treated  with  control  plasmid  DNA’s 
complied  to  liposomal  vectors,27^2-'  The  induction  of 
an  inflammatory  response  following  injection  of  lipo- 
sorae-DNA  complex  has  been  shown  to  mediate  the 
nonspecific  activity  antitumor  activity.3®-2*  However,  the 
antitumor  activity  observed  in  animals  treated  with  «■/- 
F(/S1  was  significantly  higher  than  in  animals  treated 
with  CAT  demonstrating  the  specificity. 

The  effect  of  FUSl  treatments  on  animal  survival  was 
next  evaluated.  Treatment  with  DOTAP:Chol -FUSJ 
complex  significantly  prolonged  survival  of  A549  lung 
tumor-bearing  animals.  At  the  time  of  writing  this  report! 
40"-.;  of  the  tumor-bearing  mice  treated  with  DOTAP 
Chol-FUSI  complex  were  still  alive  (125  days)  indicating 
that  tumors  were  either  eliminated  or  their  growth 
delayed.  Whatever  the  reason  may  be,  it  is  clear  that 
FUSl  can  suppress  tumor  growth  and  prolong  survival. 

Although  we  have  demonstrated  FUS!  has  potent 
tumor  suppressive  activity,  the  functions  of  some  of  the 
other  genes  located  in  the  120- kb  region  have  not  been 
studied.  Ji  et  alf4  recently  demonstrated  antitumor 
activity  for  three  of  the  nine  genes.  Thus,  treatment  of 
ittiig  cancer  with  a  combination  of  these  genes  may  result 
in  a  more  potent  therapeutic  effect  than  that  observed 
with  individual  genes.  Additionally,  combination  of 
DOTAP:Chol-FW>/  treatment  with  other  treatment 
strategies  such  as  chemotherapy  may  result  in  a  more 
effective  tumor  suppression  and  is  of  clinical  relevance. 
These  possibilities  are  currently  under  investigation  in  our 
laboratory. 

In  conclusion,  we  have  demonstrated  the  tumor 
suppressive  activity  of  FUSl  gene  and  that  mirauimoral 
tmd  systemic  delivery  of  FUSl  gene  is  a  potential 
therapeutic  strategy  for  the  treatment  of  early  preneo- 
plastic  lesions  as  well  as  in  the  treatment  of  localized  and 
disseminated  lung  tumors. 
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We  have  investigated  the  effects  of  an  improved  liposomal  formulation  (extruded  DOTAfh 
cholesterol  (DOTAP;Chol)~DNA  complex)  on  transgene  expression  in  tumor  ceils  and  normal  cells 
or  murine  and  human  origin  both  in  vitro  and  in  vivo ,  In  vitro ,  transgene  expression  was  signlfl- 
canity  increased  {P  -  0,01)  in  human  tumor  cells  compared  to  normal  human  cells.  The  increased 
transgene  expression  was  due  lo  increased  uptake  of  the  llposome-DNA  complex  by  tumor  cell 
phagocytosis.  Furthermore,  immunohistochemkal  analysis  demonstrated  a  greater  transgene 
expression  in  lung  tumors  than  in  surrounding  normal  tissues.  Increased  transgene  expression 
due  to  enhanced  uptake  of  the  Kposome-DNA  complexes  by  tumor  cells  in  vivo  was  also  demon* 
strated  using  fluorescentty  labeled  DOTAP:Choi  liposomes.  Finally,  evaluation  of  lung  tissue 
mpkmts  obtained  from  patients  undergoing  pulmonary  resection  demonstrated  significantly 
higher  (P  ~  0,001)  transgene  expression  In  tumor  ceils  than  in  normal  cells.  Thus,  we  demon¬ 
strated  that  intravenous  Injection  of  DOTAP : C hoi-D N A  complex  results  in  increased  transgene 
expression 'm  tumor  &nd  is  due  to  increased  phagocytosis  of  the  complexes  by  tumor  cells, 

Itey  Words:  liposome,  gene  therapy,  phagocytosis,  cancer,  metastasis 


Introduction 

!¥ofrcssion  oi  cancer  is  a  multistep  process  in  which  the 
disease  eventually  becomes  dUsemm&ted.  Current  treat- 
mmu  for  di^eminatfcl  minors  have  had  Limited  success 
because  of  treatmedfeel&ted  toxicity,  .A  new  alternative 
reumiem  strategy  for  cancer  Is  gene  therapy,  which  has 
huwn  promise  in  clinical  trials  1 1-6],  litis  approach  has, 
m'wwmt  been  limited  to  the  treatment  of  locoregional 
Theem  because  of  the  lack  of  a  vector  that  cm  efficiently 
and  selectively  deliver  genes  systenhcally. 

\n  alternative  to  adenoviral  vectors  is  non  viral  lipost> 
delivery  systems  that  can  he  administered  irxtrave- 
v  vHv  wuli  limited  vector-assodated  toxicity,  resulting 
m  hightt  tramgene  expression,  especially  in  the  lungs  {?l 
The  development  of  efficient  norm. mi  vectors  that,  when 
limited  syuemicaliy,  can  selectively  deliver  therapeutic 
gene*  to  tumors- will  provide  novel  therapeutic  options  for 
[he  treatment  of  cancer.  Tumor  targeting  using  tumor- 
'Pacific  promoters,  attachment  of  ligands  to  the  liposome 
surface,  and  pegyiadon  of  liposomes  has  been  tested  pre¬ 
viously  {8-16},  Although  some  degree  of  tumor  targeting 


has  been  demonstrated  using  these  targeted  delivery  sys¬ 
tems,  the  level  of  transgene  expression  Is  often  decreased. 
Recent  studies  have  demonstrated  that  Liposome-DNA 
complexes  elicit  an  inflammatory  response  when  injected 
systemieally,  result! ng  in  suppression  of  tramgen t  expres¬ 
sion  fl  7-22] .  Furthermore,  failure  to  achieve  increased  o.r 
sustained  gene  expression  following  repeated  Injections 
has  been  another  major  obstacle  in  the  development  of 
therapeutic  applications  of  liposomes  [18,23], 

We  recently  showed  that  extruded  cationic  liposome 
(DOTAPrtholesterol,  or  0OTAP:Chol)-DNA  complexes 
can  achieve  effective  levels  of  transgene  expression  in 
tumor-bearing  lungs  and,  when  injected  Intravenously, 
can  cure  immunocompetent  mice  with  disseminated  ex* 
pehxnentai  metastases,  with  minimal  toxicity  [24],  In  the 
same  study,  we  also  showed  that  repeated  daily  injections 
resulted  in  a  dose-dependent  increase  in  transgene  expres¬ 
sion  in  tumor-bearing  lungs.  The  unexpected  curative 
potential  of  these  complexes  for  disseminated  disease  and 
the  apparent  high  levels  of  their  expression  in  tumors 
raised  an  Important  question:  were  these  effects  due  to 


M£  n  j^uuyst  TM&tUPv  VoL  7,  no.  S,  2093 

*  #  Tte  XifscT  < Soc  sty  &  Can*  Tr«(rr»p> 

1  m  00 


409 


goi:10.1016/S1S2i-(K)ii^03yi00»ii.j 


increased  expression  of  the  transgene  in  tumor  cells  or 
'  * •  •  to  increased  uptake  of  the  liposomes  by  tumor  cells 
com  pared  to  surrounding  normal  cells? 

1 1  •  the  study  presented  here,  we  demonstrate  that  in¬ 
travenous  injection  of  DOTAP:Choi  liposome-DNA  com- 
ptexes  w  viva  results  in  significantly  higher  txansgene 
expression  in  lung  tumor  cells  than  in  normal  cells  and 
that  this  increased  expression  is  due  to  increased  uptake 
<A  these  liposome-DNA  complexes  by  tumor  cells.  Fur¬ 
thermore.  transgene  expression  is  demonstrated  to  be  sig- 
nificantlv  higher  in  primary  human  lung  tumor  explains 
!  haft  in  normal  cells,  Thus,  utilizing  the  inherent  property 
<’f  tumor  ceil-,  for  Increased  itposomal-DNA  complex  up- 
‘akc,  effective  delivery  of  therapeutic  genes  to  the  tumor 
cars  be  achieved  following  systemic  delivery. 


Results 

<.cl!  Viability  and  Luciferase  ituc )  Gene  Expression  in 
Liposome-DNA  Complex -T ransfected  Norma!  and 
Tumor  Cells 

transfected  normal  human  lung  fibroblasts  (WB8, 
•dRt  ilk  normal  human  bronchial  epithelial  ceils  (NHBE), 
human  lung  tumor  cells  (A 549,  H1299,  H3S8,  H.122,  and 
H4&t'h,  murine  fibroblasts  (NlH/313, 10T1/2),  and  murine 
fibrosarcoma  cells  .l:V2237m,  K1735)  all  with  DOTAPr 
ChaJ-Iwi  DNA  complex  (Fig.  1).  Determination  of  call 
nutthtv  at  24  and  48  h  after  transfection,  demonstrated 
ri.  •  significant  toxicity  in  any  of  the  cell  Sines  tested  (Fig. 
hi  ■  determine  whether  differences  existed  in  tfans- 
vvi  .  ■  expression  between  norma!  and  tumor  cells,  we  as- 
«\  ed  transected  cells  for  iuc  activity,  toe  expression  was  2 
«>  4  logs  greater  ( P  =  0,01)  in  human  tumor  cells  corn- 
par,:.  i  ro  normal  celts  of  human  origin  (Fig.  IB).  However, 
expression  m  murine  tumor  cells  was  only  2-  to  2 
1  :  i  greater  compared  to  normal  cells  (P  =  0.04;  Fig. 

IB). 


i«  Virm  uptake  of  Liposome-DNA  Complex 
Analysis  of  the  liposome  -DNA  complex,  uptake  in  human 
tumor  ells  relative  to  normal  human  cells  by  fluores¬ 
cence  microscopy  and  flow  cytometry  revealed 'increased 
I'pt-ri.*  m  tumor  ceils  compared  to  normal  cells  (Fig.  2). 
However,  increased  uptake  of  liposome-DNA  complex 
was  also  observed  in  endothelial  celts  (HUVEQ.  The  dif¬ 
ference  sn  the  uptake  of  the  liposome  complex  by  these 
telh  correlated  with  ludferase  expression  (Fig.  2) 

Rote  of  Phagocytic  and  Pinocytic  Activity  in  the 
Uptake  of  Liposome-DNA  Complex  by  Tumor  Cells 
We  transfected  tumor  ceils  (H1299.J  with  ftuorescentlv 
labeled  DOTAPiChoWwc  DNA  complex  (Figs.  3B  and  3C) 
aiw!  positively  charged  2-pm  fluorescent  latex  micro- 
spheres  I  Fig.  3A)  with  or  without  cytochaJasin  B,  an  in- 


hibitor  of  phagocytosis  and  pinocytosis,  and  observed 
them  under  a  fluorescence  microscope  using  a  fluorescein 
or  a  rhodamtrse  filter.  Tumor  cells  transfected  in.  the  ab¬ 
sence  of  cytochalasin  B  showed  greater  punctate  fluores¬ 
cence  in  the  cytoplasm,  indicating  greater  uptake  of  the 
liposome-DNA  complex  (Fig.  3B).  In  contrast,  liposome- 
DNA  complex  uptake  was  blocked  in  cells  transfected  in 
the  presence  of  die  drug.  Hoechst  staining  revealed  pres¬ 
ence  of  intact  nucleus  in  the  cells  that  were  untreated  or 
treated  with  cytochalasin  B. 

Uptake  of  Liposome-DNA  Complex  by  Tumor  Cells 
In  Vim 

We  injected  UV2237m  lung-tumor-bearing  C3H/Ncr 
mice  with  fluorescently  labeled  DOTAP:ChoW«r  DNA 
complex  (50  pg  DNA)  via  a  tail  vein.  Animals  receiving  no 
treatment  served  as  controls.  We  euthanized  the  animals 
at  24  h  after  I  n  jection ,  harvested  their  lungs,  and  prepared 
cryosecttons.  Examination  of  tissue  sections  under  fluo¬ 
rescence  microscopy  revealed  intense  fluorescence  by  tu¬ 
mor  celts  compared  to  surrounding  normal  cells  (Fig.  4D). 
Minimal  fluorescence  was  observed  in  controls  (Fig.  4B). 
Further  confirmation  that  the  observed  intense  fluores¬ 
cence  was  indeed  from  tumor  cells  was  obtained  by  ex¬ 
amining  a  h ematoxv lin-sta in ed  serial  tissue  section  under 
bright-held  microscopy  (Figs.  4A  and  4C) 

To  confirm  further  that  the  increased  uptake  of  the 
liposome-DNA  complex  by  rumor  cells  also  resulted  in 
increased  transgene  expression,  we  stained  tissue  sections 
for  iucifeme  protein  by  immunohistochemkal  tech¬ 
nique.  Protein  expression  was  greater  in  tumor  cells  (Fig. 
4F.)  than  in  surrounding  normal  cells  (Fig.  4H),  indicating 
that  tumor  cells  were  the  primary  source  of  the  observed 
iuc  expression.  Furthermore,  we  observed  luc  expression 
to  be  higher  in  tumor-bearing  lung  tissue  (Fig,  4E)  than  in 
the  non-tumor-bearing  lung  tissue  (Fig.  4G).  A  lung  tissue 
section  horn  a  tumor-bearing  animal  receiving  no  treat¬ 
ment  served  as  negative  control  (Fig.  4F).  Additional  con¬ 
trols  included  tissues  stained  with  secondary  antibody 
alone  (Fig.  41).  Semiquantstative  analysis  demonstrated  a 
significant  {P  -  0,01)  increase  in  lucjferase  protein  expres¬ 
sion  as  indicated  by  the  brown  staining  in  the  tumor 
tissue  area  compared  to  surrounding  normal  tissue  area 
(Fig-  4J). 

To  confirm  further  that  the  observed  result  is  not 
unique  to  UV2237m  lung  tumors,  we  performed  similar 
experiments  in  nude  mice  bearing  human  A549  lung  tu¬ 
mors,  We  injected  the  animals  with  DOTAP:ChoI-/uc 
DNA  complex  2  or  3  weeks  after  tumor  cell  injection.  The 
tumor  load  at  2  weeks  is  less  and  the  tumors  are  small 
compared  to  tumor  load  and  size  at  3  weeks  (data  not 
shown),  Immunohistochemical  analysis  of  lung  tissues 
24  h  after  injection  of  liposome-DNA  complex  demon¬ 
strated  increased  luciferase  expression  (P  *  0.01)  in  tu- 
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Samples 

1  i fleet  of  Mp^-r^ONA  afflpieii  transf&cifccm on  erii  v^febHiiy  and  iut  eapressbo  in  luro&r  cd&  and  normal  tdfe.  Cdfe  ahafyzec!  were  hum&o  lung  tumor  cdls 
. .:  J  -  ■  ■'■  h&Mi,  AM%  normal  lung  fibroblast  cdh {W13&,  CCD- 16,  MRO$)f  horm&l  3#onc&a}  epithelial  cdh  (NHS£X  human  umbilical  vdn  i&idotbdiai  cdEs 
/'■  •  ■  -  ”  urmfenobta*  fin  mv2'i,  anti  mum  fibmssftcma  (UV2237m,  K17S3J  o*!k  Cdl*  <5  >  10»)wera  *&tw  not  transfected  (control)  or  transfected  with 

1  *J  '• ,;>  c  i’:  ?u^c  Dm  tomplsx  and  harvester  at  54  and  48  H  after  transfection  and  #rta^&ti  for  cefl  viability  by  trypan  elusion  assay  <Aj  and  for  tue  activity  itsing  a 
■  ^  ‘  ^ ?  ',NL>  ^(initjcarvi  tenacity  obseived  in  transfected  tumor  and  normal  celts  of  both  human  and  mudne  origin  compared  bo  ^transfected  control 

v-  ^  to zxmms&n  wm  nigh er  m  bojh  H mm [P  -  0.07)  and  murine  tumor  cells  (f>  «  0,04)  tm i$  normal  c*Hs  (B),  tarigtMft  was  expressed 
■:i  fwagroirra  pw  mmi^rafn  pfatem.  Each  dme  point  ^Assents  the  mean  &  triplicate  wells.  Error  bars  f^rewit  standard  emore. 


compared  to  surrounding  normal  tissues  (Figs.  5 A 
■&nd  5B),  Furthermore,  we  observed  Inere&sad  iueiferase 
expression  in  the  tumor  tissue  in  lungs  that  had  small 


tumors  and  in  lungs  that  had  large  tumors.  These  results 
Indicate  that  increased  uptake  of  liposome-PNA  complex 
bv  tumor  cells  is  not  dependent  on  the  tumor  size  or  load. 
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ompanson  ot  /uc  Expression  in  Alveolar 
Macrophages,  Fumor-Beariug  Longs,  and 
Non  Tumor*  Bearing  Lungs 

'■U1  tra.n elected  alveolar  macrophages  isolated  from 
.  V LB? m  lung-  tumor- bearing  mice  and  non-tumor-bear- 
ij'ig  inmnals  with  DQTAP: ChoWuc  complex  and  com¬ 
pared  then-:  to  IN 2237m  tumor  cells,  which  served  as 
pmnixc"  control.  We  determined  fm  expression  24  h  after 
immiccticm*  luc  expression  was  significantly  lower  (P  = 
0.0001)  tn  alveolar  macrophages  isolated  from  tumor- 
faring  animals  ihan  m  alveolar  macrophages  from  non- 
tumor- bcx  rim:  animals  (.Fig.  6A),  To  eliminate  the  possi¬ 
bility  that  the  difference  in  iudfarase  expression  was  due 
to  cytoroxtdfv,  cell  viability  assay  was  performed  after 
handed  ton  wub  DOTAP:ChoW&c  DNA  complex.  Nq  sig- 
mlfi  mi  difference  in  cytotoxicity1  was  observed  between 
macrophages  isolated  from  tumor  hearing  animals  and 
those  isolated  kom  ncn-mmor-bearing  animals  (Fig.  6B), 
u  r 1 1 1  e. i  n  10  re ,  an aiy  si  s  for  itidfe ra  $e  exp  ress  ion  in  tumor- 
bearing  and  non -tumor-bearing  lungs  from  which  the 
Tv-mar  macrophages  were  isolated  demonstrated  no  $ig- 
m f>  .mt  d i rfe reuce  in  the  expression  levels  (Fig*  6C).  These 
n-Mjlu  indicate  that  alveolar  macrophages  from  lung-tu- 
:  u  or -tearing  animals  are  less  fransfectable  than  those 
from  nonTumanlmiing  animals. 

h*  VJIwi  Comparison  of  Inc  Expression  of  Tumor  Cells 
and  Mommt  Otlh  isolated  from  Primary  Human 

Lung  T  umor  Ixplants 

io  determine  whether  differences  in  transgene  expres- 
non  also  occurred  rn  primary  human  lung  tumor  cells 
and  normal  cells,  we  obtained  lung  tissue  explants  from 
piiiieius  undergoing  pulmonary  resection  for  primary 
noM mathcell  lung  cancer*  Tissue  expknts  were  con¬ 
firmed  as  tumor  or  normal  by  htstop&thoioglcai  analy¬ 
sis  rumors  were  classified  as  poorly  to  moderately  dif¬ 
ferentiated  adenocarcinoma  while  normal  pulmonary 
tissue  ■  omprised  primarily  fibroblasts.  Cells  isolated 
fnirr:  normal  and  tumor  tissue  explants  were  trans¬ 
acted  with  DOTAPrChoWar  DNA  complex,  and  ft It 
jxpres&iem  was  determined  24  h  after  transfection.  We 
observed  signified mly  higher  luc  expression  IP  -  0*001) 
.n  mm.m  fells-  (2  r  OJ  ng/mg  protein)  than  in  normal 
cells  (0*06  3  0.02  ng/mg  protein),  a  finding  consistent 
with  those  in  established  cultures  of  inmot  and  normal 
cells,  reported  above. 

Discussion 

•a  e  Recently  demonstrated  that  very  high  levels  of  trans- 
eene  expression  can  be  achieved  in  tumor-bearing  lungs 
an  extruded  DOTAi3cho]e$teroNDNA  complex  h 
injected  intravenously  into  both  immwodeficiem  md 
immunocompetent  animals  and  that  this  treatment  has 
minimal  toxic! ty  [24].  hi  that  study,  repeated  daily  tad 
vvbi  injections  resuited  in  dose-dependent  increases  in 


transgene  expression  in  lung-tumor-bearing  animals  and 
successfully  cured  one-third  of  mice  with  disseminated 
experimental  metastases  in  a  human  xenograft  model 
The  curative  potential  for  disseminated  disease  and  the 
apparent  high  levels  of  transgene  expression  in  tumors 
were  unexpected.  One  possibility  for  this  observed  thera¬ 
peutic  effect  is  that  the  uptake  of  llposome-DNA  com¬ 
plexes  by  tumor  cells  and  normal  cells  is  the  same,  but 
tumor  ceils  express  the  transgene  more  efficiently  than 
normal  cells.  The  second  possibility  is  that  the  uptake  of 
the  complexes  is  increased  in  tumor  cells  over  normal 
cells,  which  leads  to  higher  expression  levels  of  the  tram- 
gene  in  the  tumors.  In  the  study  presented  here,  we  in¬ 
vestigated  the  effects  of  the  extruded  DGTAPiChol  lipo« 
someADNA  complex  on  transgene  expression  in  lung 
tumors  and  their  surrounding  normal  tissues  as  well  as 
the  underlying  mechanism  both  in  vitro  and  in  vivo. 

Preliminary  in  vitro  studies  using  tumor  cells,  normal 
fibroblasts,  and  endothelial  cells  of  both  murine  and  hu¬ 
man  origin  demonstrated  the  DOTAP:Choi-/«c  DNA  com¬ 
plex  to  be  xiomoxk:  to  these  cells.  Analysis  of  these  cells 
for  transgene  expression  demonstrated  increased  luc  ex¬ 
pression  in  tumor  cells  over  normal  cells  except  endothe¬ 
lial  cells*  It  is  possible  that  the  observed  difference  in 
transgene  expression  is  due  to  differences  in  cellular  pro¬ 
liferation  rates  between  tumor  and  normal  cells  [30] . 
However,  the  differences  observed  in  the  present  study 
cannot  be  attributed  to  cellular  proliferation  since  the  rate 
of  proliferation  of  the  different  ceil  types  used  in  the 
present  study  were  simitar  except  for  NHBE  and  HUVEC 
(data  not  shown)*  The  observed  difference  in  transgene 
expression  between  tumor  celts  and  normal  cells  might  be 
due  to  any  of  several  other  known  mechanisms,  including 
differences  in  ceil  surface  charge,  phagocytic  activity, 
docytie  activity,  eadosomal  release,  nuclear  uptake,  and 
transcriptional  activity  [31  Aid]* 

On  the  basis  of  these  known  differences,  we  studied  the 
uptake  of  liposome- DNA  complexes  by  normal  and  tu¬ 
mor  cells  using  fluorescenfcly  labeled  DOTAP:Chol  lipo¬ 
some,  Tumor  cells  had  increased  uptake  of  the  liposome- 
DNA  complexes  over  normal  cells  that  correlated  with 
increased  ludfisrase  activity.  Surprisingly,  endothelial 
cells  also  demonstrated  increased  uptake  and  expression* 
Since  similar  levels  of  ludferase  activity  were  observed  In 
tumor  cells  transfected  with  uniabded  DOTAibChoH  and 
fluorescently  labeled  DOTAPiChol-DNA  complex,  in¬ 
creased  uptake  cannot  be  attributed  to  the  use  of  fluores¬ 
cent  lipid  (data  not  shown).  To  identify  the  processes  that 
mediate  increased  uptake  of  liposome-DNA  complex  by 
tumor  cells,  we  examined  surface  charge  using  cation) zed 
ferritin,  which  attaches  to  the  cell  surface  as  a  function  of 
surface  charge  [37,38]*  No  significant  difference  was  ob¬ 
served  in  the  percentage  binding  of  cationized  ferritin  to 
both  tumor  cells  and  NHBE  and  it  did  not  correlate  with 
the  luriferase  activity  (data  not  shown).  However,  the 
increased  uptake  of  liposome- DNA  complex  was  observed 
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■  !.>e  due  to  the  phagocytic  activity  of  the  tumor  cells 
uiu  ■  uptake  was  inhibited  in  the.  presence  of  cytochalasin 
;  i  -.in  inhibitor  of  phagocytosis  and  piisoc^osk  The  abil- 
•t -:  •  :  rumor  cells  to  exhibit  phagocytic  activity  is  not 
surprising  and  is  well  documented  [39  j.  However.,  greater 
phagocytic  activity  by  tumor  cdh  than  fey  norma!  phago- 
^ydc  and  nonphagocvtk'  ceils  treated  with  this  liposome- 
i  ■'sA  iormuiatifm  has  nor  been  previously  reported, 
fo  explore  further  whether  a  similar  phenomenon  oe* 
oimd  m  vim.  murine  syngeneic  limg*tumor~b£&ring  an- 
md%  mm  infected  with  the  fluorescent  liposome-DNA 
complex.  They  revealed  increased  uptake  in  the  tumor 
cells  compared  to  the  surrounding  normal  cells.  Further* 
mom,  ih t  increased  uptake  by  rumors  to  vivo  correlated 
with  increased  lurif  erase  expression  as  demonstrated  by 
immunohistochemical  studies.  Increased  uptake  of  cab 
ionic  liposome  i >\ A  complexes  by  tumor  cells  to  vivo 
following  svsk-ituc  delivery  has  been  reported  previously, 
consistent  with  the  present  report  [40-43].  However,  pre- 
■c  u;.  -.tudiev  have  attributed  increased  uptake  of  lipo 
u-Uiie  ■  !  >na  complexes  to  leaky  vasculature  in  the  tumors. 
On  the  nasi-,  oi  ou r  results,  we  believe  that  in  addition  to 
the  presence  of  leaky  vasculature  in  the  rumors,  increased 
phagocytic  activity  of  the  tumor  celts  is  responsible  for 
die  r  >bserwed  increased  uptake  of  DOTAP:Choi-0NA  tom- 
pk\  fey  tumor  ceils  in  vivo.  Transgene  expression  in  vari¬ 
ous  other  organs  examined  was  very  low  (data  not 
real-time  FCK  analysis  demon- 
str&nsd  low  copy  numbers  of  plasmid  DMA  in  the  liver, 
spleen,  and  ovaries  compared  to  the  lung  (data  not 
du  v\  i .  suggesting  that  lung  is  the  primary  target  for  the 
umaveriously  injected  DOTAP:Chohi)NA  complex*  Tills 
observation  is  in  agreement  with  previously  published 
sports  [?j24]*  However,  In  the  presence  of  tumors  In  the 


Cyfochalasin  B  *  Gytochalasin  B 


HI  299 


FJC.  3*  msased  of  lipoi^e-QNA  cramptex  by  tumor  ceils  is  duets  phago- 

cytoss.  Tumor  tali*  {HI  399)  were  trarofmed  with  2  fluorescent  microsplwe  (A) 

or  f  luctftatentfy  3abcted  D0TAP;Cbd~  ^rDNAcomptoi  (B)  in  the-  presence  or  absence 
d  tyttxhataln  6  tytsschatasin  &,  an  ONbaar  d  phagocytosis  inlubiteci  vf&fe  d 
f3uo**$«?ntly  tebeied  DOTAP^GhoWU  DINA  comply  by  tumor  ceffc  (original  magrt- 
>  200),  Hoechst  stairyng  of  ce Ss  hdksies  intact  nuefeus  £Q, 
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^c.  *  iL ttMwv  expresara  b>  iung  turnon,  -n  vivo  is  due  W  inowed  upHJte  of  liposome-DNA  compter  { MZ$?m  to^tumor-bearing  mice  were 

■-■  r— '  *••  •  ■■  s-vuv  i4R^*ed  OGTAfcCnoi *toc  DMA  complex  vk  tail  vein  (Cr  O).  Animate  receivirrq  no  treatment  fern#  as  controls  (A,  6).  The  animals  were 
o:.,::-,  ■,:  •■  :sy  CO  ■  m******  *i  24  h  after  miction.  and  their  tongs  were  isolated  Bright-fiefd  microscopy  of  fiematoxytfr^  stained  lung  tissue  sections  revealed 
'•*■•*  'ff  turner*  .a  ihe  lungs  O*  fluorescent*  microscopy  of  an  unstained  lung  tissue  section  demonstrated  gnsafef- fluorescence  by  tumor  ceils  iban 

founding  msi-mai  ceils  (D),  Minimal  fluorescence  was  observe  in  control  tissue  sections  (B).  1rnmunohi«och«mcai  toityjk  of  lung  tumor  sections  for 
:  k  ,■:•■■  .  or.s:ra:«id  incr^ss&d  ludferasa  expression  by  tumors  as  indicated  by  the  brown  staining  (E)  compared  $p  their  surrounding  normal  tissue 

:  "h  osvo  ^Uimi;r-LO!/i‘J  tong  m$uo  -(C) >  Tumor-t^aong  lungs  receiving  no  treatment  {F)  fcnd  tissue  sections  stained  with  no  secondary  antibody  (I)  served 
fc^ndi  iriagnificaiiort  x  200}.  AfPSWfc  Indkate  Cefls  staining  positive  for  iuciferase  protein.  SemiquantiUtive  analysis  of  the  areas  stoning  positive 
.i.^-.-c ::■••:  tumors  more  positively  than  surrounding  normal  tissues  (P  =  0.01)  0). 


ric  x  ■ 1  1 :  -  *****  &  H»wt»  ONA  com piot  by  AM*  ting  turnon  in  vim  Nude  mice  were  injected  wish  AS#*  lung  tumor  Mrri*  tall  vein.  Animas  wen* 

■■  ■::;  uxj  vv  :  -.  :''0TA?tCh^-^'  ONA  complex  2  weeks  (small  tumors)  and  3  weeks  (large,  tumors)  after  tumor  cell  Inoculation,  Tumepbeahng  animals  receiving 
:  treatment  served  as  <romfo&  imrourtohistipcfremi&af  m&lpk  of  tongs  harvested  24  h  after  treatment  demonstrated  higher  toe  expression  (P  1:11  0.01 )  in  the 
,,  :  ■:■■•■•  ■-  vmpaiwi  us  su mounds  Wmat  tissues  a*  indkmed  by  the  brown  staining  $A  85*  increased  todterase  expression  was  observed  in  tumors  that  were  small 
m$  m  turnon*  that  wsj^  !aig&  Arrows  indicate  positive  staining. 


^  l  o rp$)ffl30P4«3 


mm*  .Ai**oiar  Maoroptag** 

tumar  from  tumor 


Tumor  Tumor  b«^ng 
nombearms 


Sample 


Time  (days) 


*  <A>[  *  l '  '  ’  1  ; *  y  **Pp*wtan  \n m^cro  phages  dialed  from  UH^or^eadng  non-UiCTW-bcttring  aniraifo.  Aivaoiar  maerti$hig£*  feofated  from 

;v-' :  ' ?M  lL  ^  iumw-taFl  ng  and  ttemwnor-be&inQ  animals  vwr*  iransfeas  with  DOTAftOiaNte  DNA  complex  arrd  analyzed  for  expression  24  h  ate 

:  *'**"**•  was  iigrifcanlfy  <P  -  0.001)  higher  >n  macrophage  felted  from  mt>mrnor-tmri^  animab  compared  to  those  from  tumor- 

■  -  .;  ,  n&i<,  $a$<  Lm \  vaashil.ty  as*a>  no  stqngkm  dift«rencf  fe'pr^itefatibn  becween  macraphag^  IstMt&d  from  tumor-bearing  animals  and  those 

ferf  nttHuw^aring  iM  CB),  An^i*  of  lungs  for  fyc  repression  feWKimoL  no  signlfarit  difference  dehwn  imof-hemm  and 
>u<muimcr  i-,r,n.;  jtlhmis  ;c :  <«  &%my  *m  express^  as  mnogrsms  per  milligram  of  total  protein.  Experiment  was  done  so  triplicate  and  ban  denote 
standard  errors. 


increased  uptake  occurs  in  the  tumors  compared  to 
the  surrounding  normal  hing  tissue.  We  next  evaluated 
whether  increased  uptake  of  liposome-DNA  complex  is 
uni- juv  to  murine  tumors  or  is  a  generalized  phenomenon 
that  van  observed  with  other  tumors.  Increased  expres- 
aoti  to  human  v:4('  i'.mg  tumors  was  observed  compared 
!*->  surrounding  normal  cells.  Furthermore,  the  increased 
upiakt  01  Uposome-DNA  complex  was  observed  in  lungs 
that  had  small  tumors  as  well  as  in  lungs  that  had  large 
-i-r^TS.  indicating  that  tumor  size  and  number  of  tumors 
were  not  factors. 

Additional  evidence  for  increased  uptake  of  the  lipo¬ 
some-1  >N’A  complex  by  tumor  cells  was  obtained  from 
transmission  electron  microscope  studies  (data  not 
shown!.  One  argument  that  can  be  made  from  our  in  vivo 


results  is  that  alveolar  macrophages,  which  are  also 
phagocytic,  must  phagocytose  the  injected  complexes  as 
efficiently  as  the  tumor  ceils.  Transfection  of  alveolar 
macrophages  isolated  from  Iung-tumor-beanng  animals 
with  DOTAP: Choi-1  nc  DNA  complex  in  vitro  yielded  sig¬ 
nificantly  lower  I uc  expression  than  transfection  of  mac- 
rophages  from  non-tumor-  bearing  animals.  The  findings 
presented  in  the  present  study  contrast  with  previous 
reports  demonstrating  liposome-DNA  complex  to  be  a 
major  target  for  macrophages  and  the  reticuloendothelial 
system  [44,45],  However,  one  major  difference  between 
our  study  anti  others  is  that  we  performed  our  experi¬ 
ments  in  tumor-bearing  animats,  white  previously  re¬ 
ported  studies  were  based  on  experiments  conducted  in 
animals  without  tumors  [44,45], 
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tot  whether  the  pathophysiological  state  of  the 
animal  was  important  for  normal  functions  of  the  mac- 
iroph&ge.  we  conducted  a  separate  but  parallel  set  of  ex* 
peri  roe  fits  in  iv  Such  alveolar  macrophages  isolated  from, 
animals  without  tumors  were  transfected  with  DOTAP: 

hol-'h^  PN A  complex.  luc  expression  was  extremely  s%* 
mtkumly  higher  in  macrophages  from  non-mmonbean 
ing  compared  to  macrophages  from  tumor-bearing 
animah  One  possibility  for  this  difference  is  that  the 
alveolar  macrophages  present  in  the  tumor  microenviron¬ 
ment  are  less  phagocytic  or  .are  inactivated  by  factors 
produced  by  the  tumor  cells.  Imcm&mn  of  macrophages 
m  the  tumor  iiHcroeitvironmem  has  been  previously 
dern  ansi  rated  J46-4S].  In  fact  alveolar  macrophages  from 
Junior -heating  animals  were  observed  to  be  fimctiomily 
‘uai  tivf  as  mdic&ted  by  stimulation  assays  (unpublished 
data), 

i'lnaily,  increased  uptake  of  liposome^DNA  complex 
was  denjiinstrated  bv  transfecting  primary  tumor  cells  of 
p  >-orIy  to  moderately  differentiated  adenocarcinoma  type 
and  ooriiml  cells.  Increased  /nc  expression  was  observed  in 
rumor  cells  compared  to  normal  edis.  The  observation 
that  tumor  cells  of.  poorly  differentiated  origin  expressed 
iw  a  i  greater  fev«i$  fits  well  with  the  findings  of  Matsui  et 
■  -  [28]  who  showed  that  poorly  differentiated  airway 
epithelial  ceils  phagocytose  liposome-DNA  complex 
more  effectively,  resulting  in  higher  levels  of  transgene 
expression  than  i:n  wel kiifterentiated  cells.  Thus,  trans- 
h-ction  of  primary  rumor  cells  from  tissue  expkrm  using 
I )D  7  AP:C1io1:-4jN A  complex  lias  been  shown  for  the  first 
tone  and  supports  our  findings  m  established  tumor  cell 
lines, 

Althi  ugh  the  present  study  demonstrates  that  in¬ 
creased  uptake  of  lipomme-DNA  complexes  by  tumor 
H  '-  wer  surrounding  normal  cells  is  due  to  increased 
pffogoc ytosiS;  it  U  also  possible  that  other  factors  such  as 
endovimal  release,  nuclear  uptake,  and  increased  Trans¬ 
cription,  rmy  play  a  role.  Further  examination  of  these 
indiv^uai  phenomena  may  help  give  a  better  under¬ 
standing  of  the  underlying  differences  between  tumor 
and  noinaal  cells  and  in  the  development  ot  an  effective 
gene  delivery  vector.  However,  a  note  of  caution  is  that 
she  :\pertinantal  metastasis  model  used  in  the  present 
'*udy,  although  performed  in  such  a  way  that  iht  lung 
metastaw  ate  established,  has  limitations,  ft  does  not 
recapitulate  the  full  sequence  of  events  (from  premaiig- 
nancy  to  invasion  and  laeiastases;)  that  primary  tumors 
undergo.  ETtese  cancer  cells  may  undergo  additional 
changes,  Hun  it  may  not  be  predictive  of  the  responses  of 
these  'umors  to  a  systemically  delivered  gene  therapy 
agem  Therefore,  the  results  of  die  present  study,  though 
relevant  for  lung  cancer  therapy,  represent  only  an  inter- 
medoite  step  the  path  toward  die  development  of  a 
systmiK  gene  transfer  agent  with  broad  utility. 


Methods 

Mmxrkth.  All  lipids  (DOTAP,  cholesterol)  were  pu/eiused  from  Avami 
Polar  (Akbasterj,  AU  Fluorescent  cholesterol  analog  22-iAM^-nitro- 
1  s  )ami  m  s  i  -  23  , 24-  bhnor-5-ChOiffO  -3l>ol  (fl  uortM  - 

vml)  was  ptrchastd  from  Molecular  Proto  (Eugene,  OH).  RPMi  1640 
medium,  modified  Eagle's  medium  (MEM),  and  fetal  bovine  serum  iFBSi 
mm  purchased  from  GfBCO  BRL  Life  Technologies  (Mew  York,  XY>.  Poly- 
do&al  goat  anti*  human  ludferass  antibody  <ms  pdidtaised  from  Promega 
Laboratocfes  (Madison,  Wiy 

Crfl  fltm  oml  animals,  Human  oon-smalPa&ll  lung  carcinoma  CNSCLCl 
fell  lines  (A549,  HI  299,  H4bQ,  H322,  and  mm  and  normal  human  lung 
fibroblast  cell  lines  CWI38,  CCD  16,  and  M.1C-V)  worn  obtained  from  Amer¬ 
ican  Type  Culture  Collection  (ATCC;  Rockville,  MDj  and  maintained  as 
per  trie  snpplierb  r e  v  o in m endar*  oi t ■> ,  Human  normal  bronchial  efothdial 
celh  (NHBiE)  were  obtained  from  Cfonefe  (Waited  MDJ  and  iruury 
rained  as  reconmi  ended  by  the  supplier.  Murine  fibrowo&ma  cdb 
(UY2237  and  K173SJ  obtained  from  Dr.  Isaiah  Fuller  M  D.  Andersen 
Cancer  Center,  and  fejeabiasrs  (NIH/TO,  and  10TI/2J  purchased 

tnvvi  rvrcc  were  marnggittfed  i.n.  RPM!  1640  medium.  Four*  to  sLvwock-oU: 
female  GAH/Ncr  mice  {Nat  ional  Canter  Institute,  Pfederttk.  MD)  and  nude 
mim  jChauies  River  Uboratory,  WUm^ngton,  DB)  used  in  the  study  were 
maintained  in  a  pathogen-free  environment:  and'  handled  according  to 
t.mtitiJtto&ai  guicMints  esiatMlthcd  for  animal  tarn  an4  us#. 

Pr-mury  hufnan  lung  cancer  cdh  mti  normal  epithelial  cells  were 
obtained  trom  patients  undergoing  pyknanary  section,  1’umor  speti- 
mens  were  excised  from  surrounding  normal  epithelium,  and  both  normal 
parts  and  tumor  parts  were  cut  into  smaller  pieces,  A  pathologist  used 
i>' m pathological  and  histqpatho Logical  analysis  m  daskfy  tissue  sped- 
mens  aa  tumor  or  normal.  A  total  of  nee  specimens  from  five  individual 
patterns  were  ohomen,  Tumor  tissues  from  all  two  patients  were  his- 
topathologlcaiiy  classMed.  as  fKroriy  to  modenuely  differentiated  adeno- 
caidnoma  Singie-cdl  smj^nslons  from  tissues  were  prepared  as  previ¬ 
ously  desorbed  \$S\t 

Purtfumkm  afpimmids.  ihe  plasmid  carrying  the  luctftrase  {lm  gene, 
mtm  the  coutro!  of  the  CMV40  promoter,  was  gro^Tj  under  ampidllin 
svleaton  in  t  he  BKkerfclm  mti  biM  ifiaftt  DH5n  and  purified  by  using  an 
alkaline  lysis  method  [7,2.61  Gvk:.xov!n  levels  of  purified  plasmids  were 
determined  by  using  the  'Chromopmc  llmuius  amebocyte  lysate  kinetic 
assay  kit  (Xinetic-QCh  Bio  Whittaker,  Walkmvilk,  MD).  The  eonc&ntra- 
tion  md  purity  of  the  purified  plasmid  DNA  wecc.  determined  by  ODwm 
ratios. 

Synimsis  Of  Uposomm  ami  preparation  of  tiposom^DSA  complexes. 
Upmwii*  (20  m\i  D07M-££mi  was  synthesized  and  extruded  through 
W tmmxn  filters  i'Kcm,  UK)  of  deceasing  skes  { 1 ,0,  QA5,  OX  and  0. 1  nmi 
ts  previously  described  |7|#  nmimm tty  labeled  D OTA ?; Choi  liposomes 
>yuOtesked  using  the  procedure  except  that  cttoiestetol  was 
replaced  wish  a  fluorescent choSmcrol  analog ifluoresteiol)  f 2f\  and  stored 
In  the  dark. 

Punk ir  size  analysts*  Freshly  prepared  Uposamc^DNA  complexes  were 
analysed  for  tmm  particle  size  by  using  the  m  particle  analyser 
(Coulter.  Miami  FI),  lm  mean  particle  sizes  of  the  liposome-DNA  com¬ 
plexes  rarvgtd  Wwh  300  anti  125  nm< 

hi  vitro  tmmfwtian,  ceil  viability,  ami  iuc  $ene  expressing  Human 
NSCl.r".  cells,  normal  lung  fibroblast  NHHE  cdls,  murine  Tumor  cells 
(UV2237,  K)  735l  and  murine  fibroblasts  (NIH/3T3,  1013/2),  tveie  sr^ded 
in  plates  at  S  <  10s  ccih/weU,  TM  following  day.  Mis  were 

tfiinMcCted  nith  fX^TAPrOloi-iuc  DNA  complex  J2,S  DNAJ  m 
fose  medium  for  3  h.  Following  transfect iort,  celli  were  tcpknlshed  with 
appropriate  medium  for  t&ch  cell  line  cornel mng  10%  FBS.  and  incubation 
was  continued.  Celts  wese  harvested  at  24  and  48  h  after  transftafon.  Cell 
vfafomty  w,!s  deternunedby  ftypau  blue  exclusion  assay  and  fat  expression 
by  using  the  ludftrase  assay  kit:  (Iomega)  as  previously  described  |24j. 
Ludterase  expression  was  expressed  as  nanogmms  per  milligram  prorein 
by  comparing  with  recomblxtam  fodfemse  protdn.  Cells  that  were  not 
tr&fisimed  served  as  controls. 
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h;  tft yy  uptake  of  npi^mm^DNA  mttptex.  Tumor  adls  and  normal  lung 
hbrobiast  ceils  wen*  seeded  til  Hx*l«H  ptajta  m  5  x  I0$  cdb/wdl.  The 
■::•  ■•'’••  ig  day,  cdJ$  wm  tefitfacieg  with  Suoresctmly  labeled  QOTAT’ 
be  ■  -v?.,  DNA  oamptes  (2.5  *og  DNAi  in  semm-te*  medium  ana  analysed 
1  "  ■ :: '  i  ft  :?y  flumwettore  mlcwnpy,  Ceils  were  analysed  for  iuefcase 
enp^iiin  34  h  lata;  €xp$**as«d  a*  destTited  above. 

Mm#*  >  fit  w  dv%*  H 1299  rumor  ceils  were  seeckfl  ia4SijMwgjj  piatas  at  5 

■  IC.N  ovuvftysdl.  The  folks  wing  day.  cells  were  mitsl&eged  wilh  Buones- 
cmny  Ubekti  rtoTAf^OhoMiC  ON  A  complex  (2,5  m  0M.)  01  pnsmvdy 
eftatpsa  2»M*m  tawsrent  micro^huw  *0,006%)  (Molralasr  From.  Bu* 
P-Ai; ;  Oregon  tn  scrum-  ■  ires  mediom  in  the  a  bam  re  or  pesme^of  5  ^ml 

■  pi  Chemk&h,  St,  Luun  MO)  as  presdouslv  dtrscsibed 

:  ,3B|  mrve  hours  arte;  tramfeitton  a&b  ^  stained  with  tioechst  33348 
vo  u  r-.iiv  red  un -m  ihtotzsctm*  microscopy  using  a  rhodambic,  fluorcs- 
cebi  ami  UV  fp&t 

f-'pfoki  m4  mprmim  $f  BQTAMSmi-dw;  DNA  complex  in  vm.h 
,  \  2237  kifig  turnon  Mftnr  established  m  OH  mice  by  injt-alng  I  x  10*: 
■ves  ••••  Ihi#£  i^h,  ^iter  tumor  cell  taffctjfln,  uptake  and  expression  of 

■  is;  ■  NA  cr,mph‘*  were  detetmiiitd  using  Suatuamtly  labeled 

u|x>wm^OKA  complex  \nima^  w  Jnjocsed  with  fluorescent  lip o* 
•Hvsf-kv  ON  a  complex  ;  so  ug  DNAl  via  a  tail  vein.  Ai  24  b  ate1  treatment 
4ni iswh  were  etitnajujed*  and  tMk  were  harvest  and  embedded  in 

r.'k.:T  rnAtltiur  fur  a*yyr*KmM#&  Tbitk  sections  £4  j*mj  were  analyzed 
dmx  under  fhioresccncii  mtettmapr.  Sections  from  non- tumor-bearing 
vumv*.  :,.nd  untreated  !uo)or-ta.ring  animals  served  as  controls, 

•  .:  separate  >m  cl  AS 49  lung  tumors  were  established  In 

iruoo  iinu- «  $*re^roiy  desosfted  |24]  Briefly.  M49  tumor  edis  (1  >  U)*) 
-•' '  ’V  mi*  •  ed  : rto  m&is?  mice  via  the  tad  vein.  Animals  were  injected  with 
:  k>TM’  L  hoi  •  tut:  DNA  compka  at  2  weeks  after  Uiinor  q?£l  im>oibmod 
-umo r  load)  or  at  3  sveeks  ihlgh  rumor  io^d)  ate  moajlation, 
AnimAls  w^eeuihamzjsrd  24  h  late;  and  tumot-mnng  luags  oxaminvd  for 
:  pm&tii  expression  by  immanohistocheralstry  as  daerfbed  be- 

immmMikiMuchetntetii  utiuiysu.  Lucifemse  protein  expresMnn  m  the  tiv 
viis  ?Aic-aorA.  was  dttmvd  by  imim^iolttsmhemieai  analysis  as  previously 
dess.o^U  |24]  using  *  $mt  pdlyekmal  imitetm.  antibody.  Luc  proteins 
qesected  m  tissues  with  DAB  By  eflMticeinent  using  the  ayidin- 
bsorm  action  \Bi,  in  iVectot  Burlingame,  CA),  Ute  slides 

■.v,-'  mm  y«?ummwuned  with  iicmawylin  and  mounted  with  Aqua- 
'■'-;■■*■  ni  liomr  Ubmatotk*,  Hmburgh,  PA).  Comtoh  mcltided  tissues 
-v.n.:  prin^rv  wtilxvdy  and  ortlv  ^econdan  an^lwdy.  The  mdfea&e 

ptoiaft  £::x|w«Em  level  in  the  rnmor  and  the  vunmmdhlg  nomrni  tbsue 

■  - ■ = r  i ; v  dci e nn  i  ned  by  amlysis  image  ana Jysis  u\l ng  Op* 

•■  vytmmz.  Briefly  to:  ^ach  tissue  section  the  total  area  seaming 
;.  v?i  v  *<•  :.\  ipdk^ted  by  brown  raining  and  tii«  number  of  tumor  areas 
atiSirtiriK  ptisitive  was  determined  The  rcttio  oi  tnorafgft  to  total  area  of 
?Lv  ! :  wiw  v., uning  pi.;,ri:ivr  was  then  hepfeseuied  m  percentage  positive  for 
f  l  ‘  n .  .  \  u>  r,.L I  of  dim  mn pies  com  p  rtskig  1 S  section s  tor  ea  ch  group  were 
-1'  *■'  ■  ‘xd  in  a  blind  f^bi mt  and  rep?esent^i  &  an  average  number  tow  each 

yampk 

&**  ?*■¥??  '■  iw  u!vi-:::y-jf  /Ti^iTppftu^'t  v  /J03;p,  u»J 

A2ri?  lung  fumor^ring  and  noo-tumor-bcahng  mire  f/j  * 
;:S?  :::VCrV.  Hi  j  fCt«l  Wtrf|  Pd^iOfdUtf  ON  A  COlI^X  1  SO  Jig  DNA)  fV.. 
iwm&vjtn  nours  late#,  animals  euthanized  mti  alveolar  macro- 
,  ifMgcs  tmm  the  lungs  f^Olaf^d  its  f^viousiy  desedbed  |29].  Bridly,  mac- 
!■:  from  hrtmc Koalveolar  lavage  went collecied and  separated.  More 

:  o'  4S%  of  the  qsB  ptspuktlon  was  conftrmvd  to  be  macrophages  by  « 

! 'v ^  ■ : " ^ k ■*'- ' ■  st  Hr  e  i i  x rve sxed  t t;u ct op nages  were  count#)  and  plated  im c 

t^wdi  pdc-.  lor  iueiittive  tspitsston  (10*  c&himth  m&  into  12-wdl 
p.;  a  ?tf-h  fur  a;  I :  v  i  r,  b  il  j  ty  ( 1  ♦'  I  Cl4  c«Us/wd  h.Pl  a  m  were  incubated  ovem  [gh  t 
3?T:  m  .1  ci-„  c  o?  incuba^r.  Twenty-four  hours  later,  maciophAg» 
^t.iv  transfected  either  with  m&&£.  hi<  plasmid  DNA  or  with  POTAPrCboi- 
■-  pkN  t$  vg  DNA).  TwvntyToiir  hours  later  <vlis  wens  hat*, 
v ; .  ’  ,.v  ,ir 3  Ci  a  :■:.  j  i  y  z cd  for  vi ability  by  t rvpan  hi  ue  exdu&mn  assay  or  assay#) 
:-o  *■ .  presakm.  iuc  expression  wax  express  4s  nanograms  per  mUli* 

ptiur?  of  protein.  Exjwmetm  wste  pedhrmed  In  duplicate,  Untramfecbed 


ceils  aerv#j  as  commit  In  addition,  the  lungs  harvested  from  tumor- 
and  non-rumo  ^bearing  animals  for  Isolating  macrophages  were 
for  lur  expression  as  deiycribed  abcnc 

toe  ixpressitm  m  tmtmr  mil  mplwns.  Primary  cells  isolated  from  norma i 
ami  tumor  tissue  ^plants  were  pi med  at  4  density  of  S  x  10s  ceils/wdl  m 
six-wdl  plates  and  tmnsfectcd  with  DOTAPAlhoWor  DNA  complex  its 
H1  DNA),  Transfection  and  analysis  for  liar  expression  were  performed  as 
described  above  Cells  receiving  no  rttatmem  served  as  controls, 

statistical  analysis.  The  stat  tsrtvsil  significance  m  i:heexpe.riment,i«  results 
was,  calculated  using  Student's  i  rest  and  the  Mamt  Whitney  test. 
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'dnwr  g^m  l fwapy  ?$r  the  treatment  of  lung  cancer  has  shown  promise  in  the  laboratory 
■  :  1/1 1  caracal  trials  However.  rs  is  currently  limited  to  treating  focalized  tumors 

ue  io  imbmtnumiy  against  the  gene  delivery  vector  and  the  transgenic  Therefore,  there 
■;  £  ire*tmt*(km&  effort  to  develop  and  lest  alternate  gen©  delivery  vectors  dial  are  affictem, 
sm:  applicable  lor  systemic  therapy.  One  such  gene  delivery  vehicle  is 
th*s  m&Dr,  DOT AP  cholesterol  (QOTAP;GM}  nanopariicte.  Predlmoai  studies 

has  shown  Enas  DOTAP  Cte  nenopartides  are  elective  systemic  gene 
vectors  tr.at  efficiently  4m vm  lkmo?*$upptmmt  genes  lo  disseminated  lung 
Based  on  our  frndings  we  hava  mmnU y  initiated  a  Phase-1  trial  for  systemic  treat* 
men  cri  lung  cancer  using  a  nova!  tumor  suppressor  gone.  FUSi  Although  DOTAP:Choi. 
nanopisrjdfiS  ccrnptexeo  :c  ON  A  (DMA™  nm&p®?  tides)  are  efficient  vectors  for  systemic 
TCnaspy  irmuciior  of  an  nflammatery  response  in  a  dos& -dependant  fashion  has  also  been 
u&$a*v»d  thereoy  limiting  its  us&  A  belter  understanding  of  the  underlying  mechanism  for 
Dm-  mmpamm-rnwm®$  iritemmatery  response  will  allow  us  te  develop  strategies  to 
•••.upn- -nBammaiion  and  mpmd  the  therapeutic  window  in  treating  human  canoe/, 

n  ar^m  study  we  conducted  expen mem$  examining  the  mechanism  of  nenoparttete- 
>=*d  ai*o  mSafwratory  response  /n  vitro  and  m  vivo.  We  demonstrate  that  systemic  admin* 
o'  DNA  n$nopanicte$  induced  inuitipte  signaling  molecules  both  in  vifro  and  in  vim 
"W  -me  associated  with  inflammation  Use  of  small  molecule  inhibitors  against  me  signal- 
■'-  maMifts  mJM  m  their  suppression  and  hereby  reduced  Inflammation  without 
-.  teeing  transgene  expression  Our  results  provide  a  rationale  to  use  small  molecule 
&  suppress  nanopanidl^medteied  inflammation  when  administered  systemically. 

■  unhef  development  and  testing  w$  allow  us  to  incorporate  this  strategy  into  Mure  clinical 

■  rials  that  t&  based  on  systemic  nomvira!  vector  gene  therapy 

&#¥  words  Gene  therapy.  Systemic,  Nanopartide,  Inflammation,  Naproxen,  Cytokines* 
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cancel  is  une  ot  ihe  leading  causes  of  death  in  the  world  (lh  Despite 
reeem  &dy&ate  in  treatment  strangles*  drug  resistance,  loco-regional  and  dis- 
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i and  pm)r  response  Co  therapy  contribute  to  a  low 
,  v  a  i  a  II  5  -  ye  &r  sur  \  i  v  il  rate  for  oo  m  moo  epi  t  he  t  i  al  cance  rs , 
deluding  lung  cancer  f  I),  Therefore,  novel  forms  of  theta- 
•>!  are  urgently  needed.  Gene  transfer  strategies  with  the 
tumor  suppressor  gene  pJJ  have  shown  clinical  promise  in 
Phase  MI  trials  for  non-small  cell  lung  cancer  and  head  and 
neck  squamous  ceil  carcinoma  (2-6),  However,  this  strate¬ 
gy  hm  been  limited  to  loco-regioml  treatment  because  of 
tidcmvitm- mediated  tcmcity  md  immune  responses  asso¬ 
ciated  witb  systemic  delivery  (7.,  8),  An  alternate  to  aden- 
ovlml  vector  system  k  to  um  non- viral  gene  delivery  sys- 
t&im,  which  have  been  shown  to  be  effective  in  delivering 
tiienipecnc  genes  to  cancer  sites  when  administered  sys- 
xmically  1. 10- 1 " 1  The  advantage  of  using  non- viral  vector 
systems  is  that  they  are  easy  to  manufacture  and  less 
iunmm$mti:  H8),  Fmfmtmmt.  it  is  feasible  to  develop 
non- viral  vectors  that  target  die  tumor  or  tumor  vasculature 
specifically  The  best  strategy  one  could  envision  for  lung 
..,vhc;?t  ;  re  a  lineal  is  a  vehicle  that  wstemie&liy  delivers  a 
mmpvutic  agent  to  the  primary'  tumor  sire  and  to  distant 
tmmmMXn:  sites  without  undue  toxicity. 

■  rmn  wral  vector  that  to  been  shown  efficiently  deliver 
genes  to  the  lungs  when  administered  intt&vanousfy  is  the 
c&tinme  OOTAPichoiestem!  (DQffAP:Choi)  nanopartide 
GO,  II L  Based  on  these  reports  we  have  tested 
IXTfAftCboi  nauopartides  as  a  gene-delivery  vehicle  for 
ueatmem  of  fling  cancer  Prcdiuica]  efficacy  studies  from 
our  laboratory  demonstrated  intravenous  injection  of 
nOTAPiQtol  naoopamdes  containing  therapeutic  genes 
[pLS  or  mdMr*  7-nMtopanides)  in  mice  bearing  mperimmml 
in og  metastasis  resulted  in  effective  tnmsgecie  expression  in 
che  ms  leading  to  a  significant  thmpeiufc  effect  (12,  :  -  v 
Furthermore ,  intravenous  administration  of  plasmid  DNA 
./ofpiimmg  uanopaniuta  resulted  in  increased  transgene 
expression  m  the  lung  tumors  compared  to  the  surrounding 
normal  lung  tissue  that  resulted  in  an  increased  therapeutic 
efteu  (20).  increased  mmsgem  expression  in  the  tumors  was 
due  to  increased  and  selective  uptake  of  the  nano  particles  by 
the  minors  m  the  lungs  compared  to  the  surrounding  normal 
fi&sLic  >  2n  i  in  a  mom  recent  study  we  have  demonstrated  the 
mmor  siippmsSivc  effect  of  a  novel  3p  gene,  Ft/S/,  on  dis- 
m mated  lung  tumors  when  injected  mtravenemsly  (21,22). 
Yheve  results  suggest  systemic  delivery  of  therapeutic  genes 
P  v  1 1; ; •  fUSi ,  mda-7)  t&  disseminated  tumors  is  feasible 
DOTAPiChoh  puitopartides.  Based  on  our  results,  we 
Gov  rncemiy  initiated  a  Phased  clinical  trial  for  systemic 
:rcutmem  of  \m$  wr  using  the  F6'5/  tumor  suppressor 
cem-  i  omplexed  with  OOTAP:Chol..  mnop&tkks 

Although  DOTARChoh  mmoparticks  have  been  shown  to 
xj  a.'i  effective  systemic  gene  delivery  vehicle,  induction  of 
ot  inflammatory  response  in  a  dose-dependent  fashion  hm 
..use  been  observed  resulting  m  toxicity  (Rarnesh  et  aL, 


unpublished  data).  Induction  of  inflammatory  response  fol¬ 
lowing  systemic  administration  of  DOTAP:ChoL-DNA 
nanoparticles  is  not  surprising.  Induction  of  an  inflammato¬ 
ry  response  has  previously  been  reported  using  other  non- 
viral  vectors  (23-29).  Thus,  ihe  therapeutic  window  for 
DOTAP;ChoL  nanoparticle  based  systemic  gene  therapy  for 
cancer  will  be  limited .  Therefore,  a  better  understanding  of 
the  mechanism  of  DNA -rumopartid  e - m ed i ated  inflammato¬ 
ry  response  will  enable  m  to  develop  strategies  to  overcome 
this  limitation  and  thereby  increase  the  therapeutic  window 
to  deliver  higher  doses  of  the  therapeutic  gene. 

Recent  studies  have  demonstrated  i mmunom m ulatory  CpG 
motifs  present  in  the  plasmid  DNA  lo  play  a  major  role  in 
Hpoplex -mediated  inflammation.  Reducing  the  number  of 
CpG  sequences  in  the  plasmid  DNA  has  been  shown  to 
reduce  the  Inflammatory  response  and  increase  transgene 
expression  (30,31),  Additional  strategies  tested  to  overcome 
the  tailammatory  .response  include  die  use  of  PCR-amplifted 
DNA  fragments  instead  of  fulMength  pDNA  (32)  and  the  use 
of  immunosuppressant  (33).  All  of  these  strategies  have 
shown  improvements  in  reducing  iuflamnmtioit.  However, 
they  have  not  been  able  to  completely  suppress  or  eliminate 
the  inflammatory  response.  Furthermore,  some  of  the  strate¬ 
gies  have  not  been  feasible  in  a  clinical  setting.  Therefore, 
additional  strategies  are  warranted.  A  better  understanding 
of  the  underlying  mechanism  for  DN A manopanicles -medi¬ 
ated  inflammatory  response  will  allow  us  to  develop  effec¬ 
tive  strategies  to  suppress  inflammation  and  expand  the  ther¬ 
apeutic  window  in  treating  human  cancer. 

In  the  present  study  we  conducted  experiments  examining 
the  mechanism  of  n m opanic I es -mediated  inflammatory’ 
response  in  vitro  and  in  vivo.  We  demonstrate  that  systemic 
administration  of  DNA-tta.nopani.des  induced  multiple  sig¬ 
naling  molecules  both  in  vitro  and  in  vivo  that  are  associated 
with  inflammation,  Furthermore*  use  of  small  molecule 
inhibitors  targeted  against  the  signaling  molecules  resulted 
in  tbdr  suppression  and  thereby  reduced  inflammation  with¬ 
out  affecting  transgene  expression.  Our  results  provide  a 
rationale  to  use  small  molecule  Inhibitors  to  suppress  DNA- 
natioparticles-mediated  inflammation  when  administered 
xy&reimcally.  Further  development  and  testing  will  allow  us 
to  incorporate  this  strategy  into  future  clinical  trials  that  are 
based  on  systemic  non- viral  §cne  therapy. 

Mmeriak  md  Methods 

Materials 

All  lipids  (DOTAR  Cholesterol)  were  purchased  from 
Avami  Polar  Lipids  (Alabaster,  AL).  Naproxen  for  tissue 
culture  experiments  was  purchased  from  Stgma  Chemicals 
(Si.  Louis,  MO),  Clinical  grade  Naproxen  for  in  vivo  stud- 
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--  as  purchM*d  fmm  Pharmacy  at  M .  D,  Anderson  Cancer 
Center  Houston.  TX>*  00126  and  SB203580  pur- 
nastrei  »  CaJbiochem  (San  Diego*  CA).  Antibodies 
iig&mt  pbo^oryimi  p38MAPK,  pJNK*  p44/42MAPK, 
pATF^  aid  pWun  were  purchased  from  Cdl  Signaling- 
u  Amteidge*  MA).  AnthCGX-2  antibody  was  purchased 
from  Cayman  Chemicals  {Ann  Arbor,  Ml), 

Cifl'A,  iiiiiil  Afertodi 

Human  fibroblast  (MRC-9)  cell  Urn  was  purchased  from 
American  Tissue  Culture  Collection  (Rockville,  MD).  Cells 
were  mamtiuned  in  the  appropriate  medium,  as  recommend - 
ed  by  the  supplier.  Cells  were  regularly  passaged  and  main* 
tamed  m,  17  ’  in  humidified  atmosphere  with  5%  CO->. 

Four  m  si.v  week‘ttld  tiemnafe  OH/Nci:  mice  (National  Cancer 
kisuuue.  Frederick,  MD)  used  in  the  study  were  maintained 
kt  a  pathogen -foe  environment  and.  handled  according  to 
msmutionaj  guidelines  established  for  animal  care  and  use. 

Preparation  vf  DNA-namparticies 

%nthtm,  tnid  prep^tion  of  DQTAFiGtaoL  nanopankks 
carry  my  the  FUSI  ge  ne  ( FUS  /  -  nano  panic  ies  )  was  carnal 
ml  as  previously  described  (I2h  Freshly  prepared  FUSF 
nmop^clm  were  used  in  each  experiment  described  in  the 
presen  i  study.  .Panicle  mm  analysis  showed  the  FUSI- 
i^imparncles  were  300456  rim  in  size. 

In  Vitm  Experiment# 

fr  ■  dvtamiine  tke  effect  of  FL7>Tnanopartide&  oo  the  active 
tiun  of  signaling  ■molecules  associated  with  inflammation, 
\1R(  j  fibroblast  cells  were  seeded  m  six-well  plates  (5  x 
HP  ed&AwpIl)  and  incubated  overnight  at  37  md  5% 
CO,,  The  following  day,  tissue  culture  medium  was 
replaced  with  fresh  medium  and  cells  were  either  nor  treated 
or  treated  with  various  concentrations  of  SB 203 5 80 
(jtfSMAFK  inhibitor;  10*  and  30  pM).  U0 126  (p44/42 
M  APK  J&taibhor;  10,  34)  |&M)*  or  with  Naproxen  (COX-2 
inhibitor;  03mM)*  TwcHhree  hours  after  treatment,  cells 
were  transfected  wilh  FC/S/-naoopanicles  (ZSykg  DN A)  in 
..  medium*  Cells  were  harvested  at  different  time- 
(2h*  4h,  15h)  after  transfection,  washed*  and  cdl 
' i::-"  prvpmsd m  previously  described  (! 2).  Untramfeaed 
ceU*  treated  with  PBS  served  as  control  in  these  expert- 
merits <  Cell  lysates  were  subjected  ta  western,  blotting  analy¬ 
sis  and  probed  with  various  antibodies  as  previously 
described  (19,  20)*  In  all  the  experiments,  p-aetin  was 
detected  using  aMAjS-actin  antibody  (Sigma  Chemicals*  St. 
Lom.v  310)  M  a  measure  of  internal  loading  control. 


To  determine  the  effect  of  inhibitors  on  traosgene  expres¬ 
sion,  cells  were  transfected  with  a  marker  gene*  lucifcrasc 
(luc)*  complexcd  with  DOTAP:Cho3.  nanopanicks  (luc- 
nanopaniclesj,  AU  other  experimenml  conditions  were  the 
same  as  described  above.  Ludfeme  expression  was  deter¬ 
mined  using  the  lucifera.se  assay  kit  (Promega,  Madison, 
WN)  as  previously  described  (19)*  Luciferase  expression 
was  expressed  as  relative  light  units  per  mg  of  protein 
(RLU/mg)*  Assays  were  performed  in  triplicates.  Experi¬ 
ments  were  performed  two  times  and  the  results  represented 
as  the  average  of  two  separate  experiments* 

Electrophoretic  Mobility  Shift  Assay  ( EMSA } 

MRC-9  cells  were  seeded  in  six  well  plates  at  1,3  *  106 
celWwdl  for  EMSA,  The  following  day  cells  were  replaced 
with  0.2%  serum  medium  and  then  pre incubated  for  3  h  in 
the  absence  or  presence  of  naproxen  before  the  cells  were 
transfected  with  F6?$f-nanoparticlcs  (2 >5u.g  DNAj.  Cells 
were  harvested  at  2*  4  and  15b  after  transfection  and  nuclear 
extracts  prepared*  To  the  nuclear  extracts  ( 1  Opg) ,  DN  A  bind¬ 
ing  reaction  mixture  containing  [y-^P}*ATP  radiolabeled 
AP- 1  oligonucleotide  and  0 ,5pg  poly  (dl-tiC)  were  added  and 
incubated  at  25  XI  for  30  min  in  5X  gel  shift  binding  buffer 
120%  glycerol  5mM  MgCU  2*5mM  EDTA,  2*5  mM  DTT. 
250mM  Nad*  50mM  Tris-HCl  (pH  73)],  The  complexes 
were  subsequently  resolved  on  5%  nondenaturing  polyacry¬ 
lamide  gels  in  0*5  x  Tris- borate  EDTA  buffer  tor  I  h  30  min 
at  300  V,  The  bands  were  visualized  by  autoradiography* 

PG£k  Production  Assay 

Cdk  were  seeded  in  6-well  plates  (14  x  J06  cells/ well)  and 
incubated  at  37  *C,  Twenty-four  hours  later*  the  culture 
medium  was  replaced  md  replenished  with  fresh  medium 
supplemented  with  0*2%  serum.  Cells  were  then  either  not 
treated  or  treated  with  naproxen  (Q3niM),  At  3*5  h  after 
treatment  cells  were  trm&izQmd  with  FUS 1  manopaitkdes 
(2.5  fig  DNA).  'The  amount  of  PGE^  secreted  into  die  culture 
supernatant  at  various  time  (2h*  4h,  and  1. 5b)  points  was 
determined  using  die  PCE2  enzyme  immunoassay  (Cayman 
Chemicals*  Ann  Arbor*  MI),  Assay  was  performed  accord¬ 
ing  to  manufacturer’s  protocol 

In  Vivo  Experiments 

To  determine  the  effect  of  intravenous  administration  of 
FUSJ  manoparacles  on  inflammation  and  the  potential.  use 
ol  inhibitors,  in  viva  experiments  were  conducted  in 
immunocompetent  female  C3H  mice.  Mice  were  divided 
into  three  groups  (n^5/group).  Group  1  did  not  receive  any 
treatment*  Group  2  received  a  single  dose  of  naproxen  (15 
mgfiKg)  orally  3h  prior  to  intravenous  injection  of  FUSI- 
nanoparticks .  Group  3  received  intravenous  injection  of 
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FU51-maapmtk$6®  mly.  The  amount  of  plasmid  DNA 
m-tvied  was  I'OOfig,  The  rationale  for  selecting  this  dose 
■a  K.ised  on  our  previous  rmdte  which  showed  that  IDOpg 
•’  /  r.S7  plasmid  DNA  produced  acute  inflammation  that 
A-i'ss  it; dial  resulting  m  100%  mortality  (Gopal&n  et  aL, 
unpublished  data).  The  procedure  for  intravenous  injections 
•  •••  DNA  combining  nnnopa  nicies  has  previously  been  report¬ 
ed  (12,  HA  20),  At  2h,  4h,  6h  and  I5h  after  iimment  with 
FuSi^mm^rdcle^ .  animals  were  etfhwri&d  md  blood  and 
organs  Hung,  liver,  spleen)  collected,  Blood  samples  were 
analysed  for  mouse  TNF-a  by  ELISA  (R&D  Systems,  MI). 
Hssue  samples  were  analysed  for  ex  press  ton  of  inflamma- 
:  !on  -us^Kiated  signaling  molecules  by  western  blotting  (20). 

Remits 


Induces  hUic<mnk2don ‘associated 
Signaling  Molecules  In  Vitro 


u>  icst  whether  HAS /-nan oparticles  can  induce  mO&imim- 
uvu  LLVrtietaied  signaling  molecules  and  whose  expression 
^  ma  ID  i h >k\  u  le  inhibitors ,  can  suppress ,  we  first  conducted  in 
ur*>  eipenm^ls.  lYanslection  ofMRC-9  cells  with  FU&I- 
a^raopariicks  mul Wd  m  a  significant  increase  in  the  expre§~ 
-on  of  p38MAPK ,  pJNK,  p44/42MAPK,  and  its  downstream 
subMrjteb  pATF-2,  pc- Jim,  and  COX-2  compared  to  untreat¬ 
ed  eomroi  cells  (Fig.  1 ).  The  activation  of  various  mflmn- 
i.Jir^srn^xdmd  dgnafing  molecules  indicate  the  ability  of 
FI  5/  nanoparticles  to  induce  an  inflammatory  response.. 
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l  iCW  I;  F05/-4^^p^k-^medi^cU  indiittion  of  mlkmmMkia  &&qcF 
MiiiaJiTig  i5nok«iikj'.  MKC-4  were  jmMfceiesd  wjjtj  empty 
ide*.  nafeeC  plasmid  DNA  or  R/^rumopamdc*  a»d  jraagyK&d  fot 

by  western  blotting  2h  4Rd 
4  &  immiestim  Cdb  that  M  im  motive  any  treauitem  served  a$  neg- 
p^un  wi*%  ikuxszd  m  immmi  loading  arnums,  The  expres- 
tewh  wen :  C^^fTTiincd  by  d^sHssmsuy  stud  rhe  values  deiemtiiwsd 
mth  mm®}  vdu<  m  to ! , 


Small  Molecule  Inhibitors  Suppress  Inflanmuuwn-associamd 
Signaling  Molecules  Induced  by  FUS 1  -nmopurikbs 

The  ability  of  F0TA/-nanoparticle$  to  induce  iutlurnmMon-asso- 
ciaied  signaling  molecules  In.  vim  suggested  its  potential  limb 
sadon  in  vivo.  Therefore  we  tested  the  ability  of  small  molecule 
inhibitors  to  inhibit  inflamimdon-associated  signaling  mole¬ 
cules  induced  by  FUSJ- nanopanicles.  For  this  purpose  we  test¬ 
ed  inhibitors  specifically  ungeted  towards  p33MAPK  (SB 
203580).  p44/42  MAPK  (U0126)  or  CQX-2  inhibitor 
(Naproxen).  Treatment  of  cells  with  various  doses  of  SB 
203580  prior  to  transfection  with  FUS  I -nanopafocles  resulted 
in  a  marked  suppression  of  p38  MAPK  expression  and  its 
downstream  substrates,  pATF-2,  pi>Junt  and  COX-2  compared 
to  cells  that  were  only  transfected  with  FUS  I  -nanopanicles  (Fig. 
2A),  The  inhibitory  effect  was  observed  to  be  time-dependent 
and  not  dose-dependtot,  Baseline  p38MAPK  expression  was 
^.^b-served  in  untreated  comm!  cells,  Similarly,  treatment  of  cells 
with  U0 1 26  resulted  in  a  significant  inhibition  in  p44/42  MAPK 
expression  md  its  downstream  substrjtes  compared  to  ceils  that 
did  not  receive  any  treatment  and  cells  that  were  transfected 
with  FUS!-  BMoparticks  only  (Fig,  2B).  The  inhibitory  activ¬ 
ity  exerted  by  U0126  was  neither  tmie-nor  dose-dependem. 
P44/42MAFK  expression  levels  were  decreased  more  than  the 
baseline  expression  mm.  in  unhealed  omtn)I  cells .  These  results 
suggest  that  p38MAPK  and  p44/42MAFK  can  be  effectively 
inhibited  using  inhibitors  mrgated  towards  these  mdecules 

Die  effect  of  naproxeo,  a  nonsteroidal  ami-mfiammaiGry 
small  molecule  targeted  to  COX-2  was  next  investigated. 
Treatment  of  cells  with  naproxen  prior  to  transfeciion  with 
F US / m anopaiticlcs  resnkoJ  in  a  significant  inhibition  of  vari¬ 
ous  MAPK  that  included  p38MAPK,  pJNK.  and  p44^f 
42MAPK  compared  to  cdh  that  were  transfected  with  FUS1 
nanopartides  only  (Fig,  20 .  The  inhibitory  effect  on  various 
MAPK  correlated  with  decreased  expression  of  their  down¬ 
stream  substrates,  pffi F-2a  pc-Jtm  and  COX-2.  Additionally 
the  inhibitory  effect  on  MAPK  expression  appeared  to  increase 
over  time.  Baseline  express  ton  of  p38MAPK,  pJNK.  md 
p44/42MAPK  was  observed  in  untreated  control  cells.  These 
results  demonstrate  thm.  naproxen  in  addition  m  inhibiting 
COX -2  also  inhibited  all  three  kinases  that  are  assorted  with 
inflaminatton.  Tims  naproxen  appears  to  fonctlon  m  a  broad- 
.specuvim  inhibitor  inhibiting  multiple  signaling  molecnlm, 
Furthermore,  based  on  its  ability  to  function  as  a  broad-spec- 
tmm  inhibitor  we  speculated  char  naproxen  would  be  more 
effective  than  SB  2035 SO  Mid  U1026  in  vivo .  Hence,  in  all 
subsequent  experiments  we  tested  naproxen. 

FUS  1  -nanoparthk-mediamd  Activation  ofAF-J  is  inhibited 
by  Naproxen 

Recent  studies  have  demonstrated  activation  ofp38MAPK  by 
CpG  containing  DNA  leads  to  the  activation  of  transcription 
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Figure  2;  Suppressor,  of  FL^Ananopurikb  induced  inflammaaon-a^oci" 
.riied  signaling  molecular  by  &m&H  rnokcuk  inhibitors.  Cell*  pretreaied 
v^ifh  various  conarntrmons  of  A,  gSBMAPK  inhibit.  SB  3O3SS0;  B 
p44/42MAPK  inhibitor,  UO  326;  uid  C.  CQX-2  inhibitor,  naproxen  were 
with  FUS l  -nanopan ieies .  At  Zh  and  4h  after  transfer  ikm  eclb 
mm  harvested  and  analysed  for  bignaUng  moJcattes  by  western  biot  analy¬ 
st  P'tteottn  was  detected  as  loading  comrok.  The  express* on  lev- 

d.s  dstmraiaed  by  densitometry  a  ml  the  values  detormined  with  con- 
xml  value  <tet  to  1 , 


pJtTi22 


SaSNHWft  j 


factor  CREB/AF-l ,  that  is  an  important  mediator  of  inflam¬ 
mation  (34),  Presence  of  co&saasus  AP-1  DNA  binding  sire 
in  the  promoter  region  of  several  genes  including  COX-2  has 
been  reported  (34).  Based  on  these  reports  and  ability  of 
FUSl-nmBpm&lm  to  induce  COX-2  expression  we  specu¬ 
lated  activation  of  AP-1  md  that  pretreatmem  with  naproxen 
will  result  in  reduced  AP-1  DNA  binding  activity.  Therefore 
m  tm  this  possibility,  cells  treated  with  FUS1 “Uanopartieles 
in  the  presence  or  absence  of  naproxen  were  analyzed  for  AP- 
1  DNA  binding  activity  by  electro- mobility  shift  assay 
(EMSA),.  Untreated  cells  served  its  control  in  these  expeti*- 
mentiL  Increased  AP-1  activity  was  observed  in  FUS  I* 
imtopaiticles  transfected  cells  compared  to  untreated  control 
cells  (Fig.  3).  In  contrast,  treatment  with  naproxen  resulted  in 
in  hi  hi  don  of  AP- 1  activity.  Our  data  shows  FCS7-nanoparti- 
de  treatment  results  in  activation  of  AP-1  dm  h  inhibited  by 
naproxen,  Furthennore,  AIM  activation  correlated  with  the 
activation  of  MARK  molecules  that  am  upstream  to  these 
uran&riptionaJ  factors.  Correlation  was  also  observed  with 
the  activation  of  COX -2  that  is  downstream  of  AP-1 , 


I  i  gure  3;  flZSi  -PfflmgmbM*  iftpdtMed  acuvauoti  of  AP-1  is  i&hgH&d  by 
MRCaj  (IfytxMm  edls  were  not  tni&ed  or  treated  with  fifcprsxsrt 
1 '  *  a^M'3  prim  m  mt&d&lta  with  FUSJ-tmrwpmk}^.  Cells  tm  jteociw 
'  i  -  iJV;  iieafcmem  serwod  as  At  2h  after  transfection  cctb  wmr  mt- 

-■  ■  ^  '  fsuciear  extra*  k  prepared,  aok!  AP-1  binding  activity  using  conscii- 
ius  m&mi&hsAiite  probe  was  determin’d  by  EMSA,  Untreated  cc lb 
GSJSftfll  in  ihc«  experiments. 


FUS  1  -nanopartich  induced  PGM  iVrafactio/i  A 
£y  AGprave/i 


POM  is  a  substrate  for  COX-2,  Activation  of  COX-2  result 
to  breakdown  of  PGE-,  into  its  metabolites  that  are  poien 
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inducer-  of  inflammation  (35,361.  Since  naproxen  inhibited 
hpopfex- induced  COX-2  expression,  we  tested  whether 
PGE?  production  is  also  inhibited.  To  test  this  possibility 
secreted  i‘Cj£>  levels  were  measured  is  the  tissue  culture 
medium  growing  cells  that  were  transfected  with  FU.Si- 
nantrpanicles  in  the  presence  or  absence  of  naproxen.  PGEj 
expression  levels  were  determined  by  ELISA.  As  shown  in 
Figure  4 .  treatment  of  cells  with  At/Sf-iianopariides  resulted 
: -  ■  time -dependent  increase  in  the  secreted  PGE-s  levels 
21XXMGQQ  pg/mTs  compared  to  the  basal  level  to  untreated 
ontml  cells  CIO  pg/mli.  However,  pretreatment  of  cells  with 
•.ipraxen  prior  to  transfection  with  Ft/SJ-nanoparticles 
resulted  »  a  significant  inhibition  of  PGEj  (33-120  pgftn.i; 
i' “  <0.001).  In  fact  the  inhibition  was  almost  complete  stan- 
'og  from  2h  after  transfection.  Similar  results  were  also 
obtained  from  murine  macropiiage  cell  line  (RAW  264.7: 
data  not  shown;  These  results  demonstrate  the  ability  to 
naproxen  to  effectively  inhibit  both  COX- 2  expression  and  its 
substrate  PGE;  that  aw  topertant  mediators  of  inflammation. 


toc-nanopartide.s  and  not  treated  wills  naproxen  (Fig.  5;  P  - 
<0.00 1  j,  Furthermore,  lucifera.se  expression  was  great!) 
increased  in  naproxen  treated  cells  compared  to  cells  that 
were  not  treated  with  naproxen.  No  lucifera.se  expression 
was  observed  in  cells  that  were  untreated  (control)  or  treated 
with  empty  nanoparticles.  Enhanced  transgene  expression 
was  also  observed  to  lung  tumor  ceils  that  were  transfected 
with  /wc-nanoparticles  to  the  presence  of  naproxen  (data  no1, 
shown).  Thus,  naproxen  treatment  results  in  selective  inhibi¬ 
tion  of  signaling  molecules  associated  with  inflammation 
without  affecting  transgene  expression. 
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FilSl  -mn&partictes-induced  Inflammatory  Resp t 
Suppressed  by  Naproxen  In  Vivo 


Preliminary  studies  from  our  laboratory  demonstrated 
showed  that  intravenous  injection  of  Fi/$/-nanopanictes 
resulted  in  the  induction  of  an  inflammatory  response  that 
was  dose-depeodenL  Injection  of  lOOjtg  of  FU$]  plasmid 
DNA  completed  to  DOTAPChoL  mmpmlclm  resulted  in 
acute  inflanifnatory  response  resulting  in  100%  mortality 
(Go  pal  an  m  at,  *  un  pu  b  I  is  lied  da  ta ) .  B  ased  these  ob  serY  atio  n  s 
we  rested  whether  pretreatmem  of  animals  with  naproxen 
prior  to  intravenous  injection  of  a  lethal  dose  of  FUSJ- 
nanopantdes  would  suppress  the  acute  inflammatory 
response,  Suppression  of  inflammation  by  naproxen  was 
determined  by  measuring  TNF-a,  a  key  mediator  of  mflam- 
matiori  (38)tand  by  analyzing  the  lung  tissues  for  die  infkm- 
mation-ass^eiated  signaling  molecules  at  various  (2h,  4h, 


NanapartNic-nwdumd  Trmsgene  Expreman.  m  Hot  Affected 

by  Naproxen 


Although  suppression  of  nauoparticle- mediated  signaling 
molecules  wm  demonstrated,  one  question  that  remains 
unanswered  are  the  effects  of  the  inhibitors  on  tr&nsgene 
expression,  The  |  visibility  that  the  inhibitors  can  also  mp* 
;'ircss  tnuisg&ne  expression  existed.  Faftbermore*  previous 
skuditcs  have  shown  that  inflammatory  cytokines  inhibit  trans- 
-ene  e  xpression  (37).  Tharefore  we  investigated  die  effect  of 
naproxen  treatment  on  tmssgene  expression  using  lurifcrase 
^  -  marker  gene,  Luc  if  erase  expression  was  observed  at  1 5h 
a)  both*  cells  that  were  transfected  with  /koitanopaitic les 
..oni&mmg  naproxen  and  in  ceils  that  were  transfected  with 


Analysis  for  TNF-a  in  the  blood  of  animals  that  were 
ed  with  Ft/SAnanopartkles  showed  maximum  1 
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expressidn  ieveis  at  2fe  (873  pgW)  aid  decreased  over  time 
iPic  6a  ,  P  -  li>.  eooira^L  the  TNF-a  expression  lev- 

wus  reduced  by  hall  at  2k  (41 1  in  animals  that  were 
with  mpmxm  prior  m  injection  of  FUSi*nmofm- 
Reduced  TNF-a  in  naproxen  Ueated  animals  was  aim 
observed  at  ill  tune  points  tested.  Thebe  results  showed  that 
naproxen  suppressed  FUSI-nmopmlctes  induced  TNF-ct. 

Wc  new  tested  for  the  expression  of  mflammauon-assucia^ 
vd  signaling  molecules  in  the  lung  tissues  of  mice  that  were 
either  treated  with  naproxen  or  not  treated  with  naproxen. 
A>.  observed  in  our  m  vitro  experiments,  a  marked  activation 
*'4  p38MAPK.  pJNK,  p44/42MAPK  and  their  downstream 
a b si  rates  pATFI ,  pc-JUNt  and  COX-2  was  observed  in  the 
\me  ■  n  mice  that  were  intravenously  injected  with  FUSF 
fjanopanidt's  compared  to  the  lungs  of  control  mice  that  did 
not  receive  any  treatment  (Fig.  6 B).  Activation  of  the  sig¬ 
ning  mnieeuks  was  observed  at  ail  time  points  tested  with 
maximum  activation  occurring  at  2h  that  correlated  with 
TNF-cs  producijDB.  However*  activation  of  the  various  sig- 
taliiig  molecules  was  markedly  suppressed  in  the  lungs  of 
o:iicr  that  were  treated  with  naproxen  prior  to  receiving 
FUSJ^miOpmkhs.  Suppression  of  activation  of  signaling 
molecules  by  napra&a  wm  observed  as  early  as  2b  after 
FUSFeim^mid^  xmmmt..  The  inhibitory  activity  of 
naproxen  on  the  activation  of  signaling  molecules  correlated 
vdh  its  Inhibitory  activity  on  TNF-a,  Our  results  show  thai 
naproxen  inhibit  T.VF-o  production  by  inhibiting  various 
signaling  molecules  that  are  associated  with  its  induction. 


Dismmaft 

We  have  previously  demonstrated  DQTAP:ChoL  nanopani* 
cies  to  be  an  efficient  systemic  gene  delivery  vehicle  that 
effectively  delivers  therapeutic  genes  (p53<  Fhii,  FUSL 
mda-7)  to  primary  and  disseminated  lung  tumors  in  mice 
resulting  in  a  therapeutic  effect  (12.  19,  20),  Furthermore, 
we  have  recently  shown  that  tumors  in  the  lung  selectively 
uptake  DOTAP:Chol-DNA  nanopaitkrles  compared  to  sur- 
rounding  normal  tissues  resulting  in  increased  transgene 
expression  in  the  tumors  (20).  Based  on  the  unique  proper- 
ties  of  DOTAPiChoL  nanoparticks  and  the  result  obtained 
in  our  preeiiniea!  studies,  we  have  recently  initiated  a  Phase- 
I  clinical  trial  for  systemic  treatment  of  lung  cancer  w  ith  the 
FUSl  tumor  suppressor  gene.  However  preclinkal  toxicity4 
studies  from  our  laboratory  revealed  dose-limiting  toxicity 
for  FUSl -nanoparucles  (Ramesh  ef  nL,  unpublished  data). 
Toxicity  was  associated  with  the  induction  of  an  acute 
inflammatory  response.  Induction  of  an  inflammatory 
response  following  intravenous  administration  of  DMA  con¬ 
taining  nanoparticles  is  not  surprising  iind  is  in  agree  mem 
with  previous  reports  from  other  laboratories  (25-30) 
However,  am  results  also  suggested  the  potential  limitation 
of  DOTAP:Chol-DNA  nanop  art  ides  for  systemic  therapy 
Furthermore,  it  was  also  realized  that  the  therapeutic  win¬ 
dow'  to  observe  a  response  m  a  clinical  setting  would  be  nar¬ 
row.  Thus  if  the  doses  required  to  achieve  a  therapeutic 

B  2  h  4h  1  Sh 
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h *%****  *r  '  .W.tumrpaMSv  imfyc$d  UitlJiTmiimssry  Is  inhibited 

in  nrr  Mice  *ere  divided  mi&  ttae  grouty  m4  toted  as 
Qtp&p  i  received  rui  tatUnGM  and  nerved  a*  comrol;  Group  2 
icctived  an  mkcikw  of  Fmi-mmpmmhtK  Group  3  motived 

.155  opi!  4m<x  of  wptefcisti  <  tSmgfKg}  3H  prior  u>  ratmtig  an  mtra venous 
r.i.n  /  r vst -ruriOpmaele*.  Animak  euthanized  ai  various  time 
anaJyv-cd  tor  TNl^a  m  the  blood  und  signaling  molecules  m 
n&em  A  WS.bfmftpi inide^nediaicd  TNF-a  c.vp mmmn  wa$ 


markedly  suppressed  in  Group  .<  mice  compared  to  TNF-a  m 

Group  2  mice  Baseline  TNF-«  levels  were  observed  m  Group  i  mice. 
Bar*  dm&Hc  siaitdaro  error.  B.  inhibition  of  various  inftamumtiCB-a^oLl* 
ated  signaling  molecules  wm  observed  in  the  lungs  of  Group  3  mice  com* 
pared  to  the  lungs  fmm  Group  2  mice.  Base  line  expression  level*  of  the 
si$railiti£  molecules  were  observed  in  the  Jungs  of  Group  1  mice.  The 
exp&ssk 31  levels  were  determined  by  densitometry  and  the  values  deter- 
mined  with  control  value  set  to  i . 
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respond  were  close  or  higher  man  the  maximum  tolerated 
dose  (MTD>  than  it  would  not  be  possible  to  successfully 
treat  ps&teiiis  and  achieve  a  therapeutic  response.  We  there- 
lorn  explored  strategies  to  overcome  die  existing  itimtaiiom 
j eduction  m  response,  thereby  making 

ibOI'  A  P:Chol  mmopaniefei  based  systemic  therapy  feasible 
as  well  increasing  the  therapeutic  window, 

in  older  to  overcome  the  existing  limitation,  we  had  to  have 
a  better  ynderstinding  of  the  under  lying  mechanism  respon- 
™ible  for  ,  uino parodies- mediated  inflammatory  response,  A 
role  tor  pttMAFK,  p44M2MAPK,  md  JNK  in  iaflanuna- 
tk>n  has  previously  been  demons! rated  (39-41).  Based  on 
tee  rqxius  we  fi Im  examined  for  these  inflammation-asso¬ 
ciated  signaling  molecules  after  FUS I nanopsrtides  treat- 
mmt.  in  vim *  experiments  showed  FUS J -n anopart iclcs  acti¬ 
vated  MAPKs  CpBS*  p44/42).  INK,  and  their  substrates  that 
included  pATF,  and  pe-Jtm  suggesting  that  these  molecules 
may  be  participate  in  Moopartlcle- mediated  inflammation. 

Although  activation  of  MAFK's  and  their  substrates  was 
■  served,  they  alone  do  not  directly  contribute  to  inflomnm* 
imi  One  molraik  that  is  frequently  activated  by  these  kin&s- 
m  h  COX-2  mvMftg  in  PGB^  production.  Activation  of 
COX-2  by  MAPK/s  and  JNK  has  been  shown  to  depend  on 
me  ceil  type  stimuli, and  species.  Furthemiore,  each  MAPK 
has  ;j  different  regulatory  role  in  COX-2  gene  transcription, 
In  macrophages  activated  by  human  herpesvirus  6,  JNK  has 
been  shown  to  play  a  critical  regulatory  role  in  human  COX- 
2  gene  ir,uiM  notion  1 42 5.  Similarly,  a  foie  for  JNK  in  murine 
MC3T3-E1  mtmgenic  cells  stimulated  with  TNF-a  plus  1L- 
:  p  A  :-  been  reported  (43)  >  Requtiemem  of  both  ERK  aid 
iXK  for  COX -2  promoter  activity'  induced  by  IgE  receptor 
aggregmion  ha>  been  shown  in  masi  cells  (44)  white  a  role  for 
ERK.  id  and  p38MAFK  in  regulating  HSP60- induced  COX- 
:  expression  bus  been  shown  in  macrophages  and  endothelial 
eel is  !  45  i  Increased  levels  of  COX-2  lead  to  pnxiiiciion  of 
FiA;  ix  breakdown  product  of  arachidonic  acid,  Elevated 
-  \ d>  -t  f'OX  2,  and  POEr.  have  bee  reported  m 
-on  and  us  :*soeuued  disease  process  (46,47),  Similarly,  the 
presence  of  CpO  motifs  in  die  plasmid  DNA  has  been  shown 
induce  COX-2  expression  and  prostaglandin  production 
contributing  to  the  development  of  airway  inflammation  (48). 
hi  me  p resent  study  we  showed  activation  of  both  COX-2  and 
TO!:!-;;::  fMidtiaiDn  after  FLfS/-naiK>particle  treatment:  suggest* 
mg  dial  they  may  play  a  rale  in  nanoparticic-mediated 
xMfamm&lson.  However.  the  kinase  (p38MAPK>  p44/ 
4.2: MAPK  r  and  JNK l  activating  COX-2  and  PGEi  production 
m  no?  clear  Since  all  three  kinases  were  activated,  We  arc  cur- 
r^rntty  investigating  the  rote  of  individual  kinase  in  the  F6?Si- 
nanoparticte*me<hmed  inflammatory  response. 

a::,  a  of  CGX*2  by  MAPK  *  including  ERK,  JNK  and 
plS MAPK  have  been  shown  to  be  mediated  by  AP-1  (49). 


ASM  is  a  potent  transcriptional  activation  factor  that  can 
bind  to  the  promoter  region  of  several  genes  and  activate 
their  transcription,  We  therefore  analyzed  for  Ap-I  activa¬ 
tion  by  BMSA.  A  significant  activation  of  AP-1  was 
observed  in  FUSl-nmopmiclt  treated  cells,  Activation  of 
AIM  was  observed  m  early  as  2h  that  correlated  with  the 
activation  of  MAPK’s  and  COX- 2.  Our  results  demonstrate 
that  the  molecular  signaling  pathway  for  F6T5J-nanopartic]e- 
medkted  inflammatory'  response  involves  all  three  MAPKs 
(P38MAPK  pJNK  and  ERK)  leading  to  COX-2  and  FGE-2 
production  via  AP-1  activation.  The  possibility  of  NFkB 
Involvement,  another  transcriptional  factor,  was  also  exam¬ 
ined,  However,  activation  of  NFkB  was  not  observed  in 
lipoplex  treated  cells  (data  not  shown).  To  our  knowledge 
this  is  the  first  report  detailing  the  pathways  tor  nanoparticte- 
mediated  inflammatory  response. 

Now  that  we  have  identified  the  signaling  molecules  associ¬ 
ated  with  inflammation,  we  next  investigated  the  potential 
use  of  small  molecule  inhibitors  targeted  towards  p38MAPK 
(SB  203580),  p44/42MAFK  (U0126),  and  COX-2  (naprox¬ 
en)  thereby  suppressing  inflammation.,  in  vitro  experiments 
demonstrated  that  each  of  these  inhibitors  was  able  to  signif¬ 
icantly  md  selectively  suppress  activation  of  the  target  mol¬ 
ecule  when  cells  were  preireated  prior  to  treatment  with 
FilSi  -imnoparttetes,  Furthermore,  inhibition  of  activation 
of  the  target  motecutes  resulted  in  the  suppression  of  COX- 
2  expression.  Additionally,  ticatment  with  the  inhibitors  did 
not  affect  the  tran&gene  expression.  These  exciting  results 
raise  the  possibility  of  their  potential  me  in  suppressing 
nanoparticle-mediated  inflammation  via  inhibition  of  COX- 
2,  a  downstream  target  common  eo  the  MAPK's,  However, 
their  use  is  limited  te  in  vitro  situations  unless  they  are 
proven  to  be  effective  in  vivo. 

We  next  investigated  whether  FWAmmoparticle -mediated 
activation  of  signaling  molecules  observed  in  vitro  is  also 
activated  m  vivo  and  can  be  inhibited  by  small  molecule 
inhibitors.  For  this  purpose  mice  that  were  either  not  treated 
or  treated  with  an  oral  dose  of  naproxen  were  subsequently 
injected  with  a  lethal  dose  of  FUSI -nanopartides  and  ana¬ 
lyzed  for  suppression  of  inflammation  at  various  levels. 
Analysis  for  TNF-a,  a  promflamtn&tory  cytokine  produced 
following  system jc  administration  of  Ff/Si^nanopanicles 
was  significantly  suppressed  in  naproxen  treated  animals 
compared  to  animals  that  did  not  receive  naproxen  treatment, 
Molecular  analysis  of  lung  tissues  for  activation  of  signaling 
molecules  that  were  identified  in  our  in  vitro  experiments 
demonstrated  activation  of  all  of  the  markers  <p38MAPK, 
p44/42MAFK,  JNK,  COX-2)  in  FUSF nanopartides  treated 
animals.  However,  activation  of  these  molecules  was  signif¬ 
icantly  inhibited  by  naproxen  akin  to  our  in  vitro  results.  The 
suppression  of  activation  of  these  various  inflammation- 
associated  signaling  molecules  by  naproxen  resulted  in  100^ 
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survival  receiving  a  ki.hu!  dose-  of  Ff/SZ-aanopar- 

ticlc-h  {Gopaisa  rr  unpublished  dam),  Furthermore, 
naproxen  treat irtem  did  ike  inhibit  FUSi  protein  expression 
in  vm  but  rather  slightly  enhanced  the  expression  suggesting 
the  possibility  for  enhanced  therapeutic  effect  (data  not 
The  ability  of  naproxen  to  inhibit  COX -2  express 
om  r>  expected  :in4  no i  surprising  (SO,  51).  However,  inhi- 
bittern  of  MARK  A  by  naproxen  observed  in  the  present  study 
wis  unexpected  and  surprising.  Based  on  our  results  we 
speculate  xhm  mgmmn  in  addition  to  its  direct  inhibitory 
echv it y  on  COX-2  Mm  Inhibits  additional  molecules  such  as 
MAP3K  s  as  shown  m  Figure-  7.  It  will  be  interesting  io  test 
whether  combination  of  mprmm  with  nanoparticles  carry¬ 
ing  a  mmor  suppressor  gme  such  as  FUSI  will  enhance  the 
diem ptmi  effect,  We  m  currcntiy  examining  the  mecha¬ 
nism  by  which  mpmxm  inhibits  MAPKfs,  Whatever  the 
undertying  mechanism  of  action  by  naproxen  may  be,  our 
results  dearly  demonstrated  that  preireatment  of  animals 
wish  naproxen  prior  to  systemic  administration  of  FUS.F 
n«UK>paiticlcs  rc$utt&  in  suppression  of  nanoparticie- mediated 
inflammation  leading  lo  animal  survival 


t  k  urv  ?  i  <  cb c i n  at  k-  i  c prese of  the  “-assoc i  ated  sig  nal  ■ 

aic  ima*ccd  by  DbiA~mu%pw$kk.  md  potential  targets  \&t 

-<*! **< * ■  -  htira v'enuii*  udmuat  ftff  piassfmtd  DNA  domain  mg  tmopanidcs 
a?.  uaiMHityn  she-  various  sipmlmg  raak&tfc  fading  ui  ihe  acti- 
v&tizm  &  COX- 2  that  bK-i «kfe  down  arwrhldtade  add  trim  PGEj  metabolites, 
Pfsodaeticm  trf  PG&  metabdto  leads  to  inflammation.  However,  mpxm- 
■"'  i  PGfc>  pjediiclm  by  mbMilttg  COX-2.  Additional  poiemial 

■  r  targets  far  m&mm  iodtsste  the  MAPKN.  NFkB  uad  AP-L 

1 -  one  1  usm  m  we  have  demonstrated  the  signaling  mechanism 
^nd  strategies  to  suppress  naftopanMe-mediated  mflaro- 
™&»Y  response.  Thus,  use  of  small  molecule  inhibitors  such 
&  n&pmxm  alone  or  in  combination  with  other  small  mole- 
cate  inhibitors  prior  u>  naciopamde  based  systemic  therapy 
will  be-  of  clinical  significance  both  in  leans  of  suppressing 
Rixidty  m  well  m$mm&  die  therapeutic  window.  However, 
additional  preclimcal  mdm  related  to  toxicity,  dosing,  and 
therapeutic  efficacy  are  warranted  prior  to  incorporation  of 
dm  strategy  in  fumm  Phase  I/E clinical  trials. 
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studies  conducted  in  non-tumor-bearing,  immunocompetent  mice  have  shown  that  intravenous 
administration  of  liposome  -  ONA  complex  elicits  an  inflammatory  response  that  results  in  a 
;  jiiurs  to  sustain  adequate  transgene  expression.  In  the  present  study,  however,  we  investigated 
effects  of  a  cationic  liposomal  DOTAP:cholesterol  <DOTAP;Chol)-DNA  complex  on  cytokine 
production  and  transgene  expression  in  both  experimental  lung  tumor-bearing  (TB)  mice  and 
non-tumor-bearing  (NTB)  syngeneic  mice  and  nude  mice,  intravenous  injection  of  DOTAP:Chol- 
iucif erase  (foe)  DNA  complex  resulted  in  tumor  necrosis  factor-a  levels  that  were  50%  lower  and 
inter) eu kin-10  levels  that  were  50- 60%  higher  in  TB  mice  than  in  NTB  mice.  Furthermore,  a 
significant  increase  in  luc  expression  (P  =  0,001)  that  persisted  for  7  days  was  observed  in  TB 
mice.  In  contrast,  luc  expression  decreased  significantly  from  day  1  to  day  2  in  NTB  mice.  Also,  fuc 
expression  was  two-  to  threefold  higher  in  TB  mice  that  were  given  multiple  injections  of 
00 TAP: Choi- /uc  complex  than  in  mice  who  received  a  single  injection.  In  contrast,  luc  expression 
significantly  suppressed  following  multiple  injections  In  NTB  mice  ( P  =  0.01),  Further  analysis 
repeated  II- IQ  protein  expression  by  the  tumor  celts  in  T8  mice,  injection  of  anti-IL-10  antibody  in 
B  mice  resulted  in  a  significant  decrease  in  luc  expression  (P=  0.01)  compared  with  that  in  mice 
injected  with  a  control  antibody.  Based  on  these  findings,  we  conclude  that  transgene  expression 
persists  In  TB  mice  and  is  partly  mediated  by  1L-10.  Additionally,  multiple  injections  of  liposome- 
DNA  complex  can  increase  transgene  expression  in  TB  mice.  These  findings  have  clinical 
applications  In  the  treatment  of  cancer. 


Key  Words:  gene  therapy,  liposome,  IL-10,  cancer,  cytokines,  inflammation,  lung, 

gene  expression 


Introduction 

ihe  development  ot  efficient  nonvirai  vectors  that  can 
dt  iiver  therapeutic  genes  when  injected  systemically 
-Vi!;  provide  novel  therapeutic  options  for  the  treatment 
of  dominated  cancers.  However,  recent  studies  have 
demonstrated  that  liposomal  vectors  elicit  an  inflamma- 
■iin  response  when  injected  systemlcally  resulting  in 
ws  iv  ;  >  -  '!,  Induction  of  inflammatory  responses  due 
to  the  presence  of  lmmunostimulatory  CpG  sequences 
in  plasmid  DNA  has  been  reported  previously  [H— 12]. 


Associated  with  the  inflammatory  response  is  the  pro¬ 
duction  of  promfiammatory  cytokines  (tumor  necrosis 
factor-  (TNF-a),  interleukin- 1  (IL-1),  IL-6),  which  in  turn 
have  been  shown  to  inhibit  transgene  expression  [9,  liij. 
Failure  to  achieve  sustained  transgene  expression  fol¬ 
lowing  repeated  injections  has  also  been  attributed  to 
the  production  of  these  proinflammatoty  cytokines  fl3j. 
Furthermore,  a  3-  to  4-day  interval  between  injections 
was  shown  to  foe  necessary  to  achieve  sustained  gene 
expression  [14}.  This  need  for  injections  at  intervals  has 
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been  attributed  to  the  cells'  ''refractory"  state  [14]. 
Thus,  the  inability  to  increase  transgene  expression 
following  repeated  injections  has  been  a  major  obstacle 
in  the  development  of  therapeutic  applications  of  lip¬ 
osomes,  Likewise,  ned.ud.ng  the  number  of  CpG  sequen¬ 
ces  in  the  plasmid  BNA.  has  been  shown  to  reduce  the 
inflammatory  response  and  increase  transgene  expres¬ 
sion  (1S1  These  results*  however,  were  obtained  from 
studies  of  non -rumor-bearing  (NTB),  immunocompetent 
animals, 

in  contrast  to  these  reports,  we  recently  demonstrated 
effective  gene  transfer  to  experimental  lung  tumors  in 
mice  following  intravenous  injections  of  extruded 
OOTAtF:cho lesrcrol  fD0rAP;€hoi)^DNA;lipasome  com¬ 
plex  [16*  hi  that  study,  although  animals  were  treated 
with  repeated  injections,  the  relative  effectiveness  of 
multiple  treatments  was  not  studied.  However,  the  major 
(Mifmmce.  between  the  results  of  our  study  and  those  of 
others  Is  that  we  conducted  experiments  in  turnon  bean 
mg  fIB)  .&mmah ,  while  others  studied  NTE  animals.  It  A 
Uierefore  possible  that  the  pathophysiological  condition 
of  the  animal  may  influence  transgene  expression  follow- 
w>.  intravenous  administration  of  the  liposome:DNA 
complex. 

Several  pmdinical  and  clinical  studies  have  demon¬ 
strated  functional  alterations  of  immune  ceils  (macro¬ 
phages  neutrophils,  and  T  cells)  resulting  in  Immune 
.wyu-w.'M  in  lung  cancer  j  17-21).  These  alterations 
‘save  Iran  attributed  to  several  factors,  including  the 
production  of  mmm nosu  pp  r  essi ve  factors  by  tumor  cells 
32-25]  and  alterations  in  the  immune  cell  receptors 
:26].  On  the  basis  of  these  reports,  we  speculated  that 
IS  and  NIB  animals  might  respond  differently  to  Up* 

:  )some:DNA  complexes  administered  intravenously. 

In  the  present  study  we  investigated  the  effects  of 
intravenous  administration  of  DQTAP:Cbol-DNA  com¬ 
plex  on  the  cytokine  profile  and  transgene  expression  of 
iu  ng  TB  and  NTS  immun  ocompetent  mice  and  nude  mice. 

Results 

Cvtokint*  Expression  Following  intravenous  Injection 
of  DOTAf^GioI  -Indferase  (luc)  DNA  Complex 
Vmtj  to  the  sturt  of  the  experiment,  we  established  lung 
rmiors  by  Injecting  1  x  10"  UV2237m  or  A54#  cells 
;u  ravenously  via  the  tail  vein  into  female  C3H  and  nude 
mice,  respectively.  Ten  to  fifteen  days  after  injection  of 
mmm  ciTh,  we  treated  the  animals  with  DOTAPiChoJTuf 
complex.  Note  that  at  this  rime  the  tumors  a m  well 
established  in  the  lungs  and  can  be  detected  histologi- 
ally  (data  not  shown).  Animals  receiving  no  treatment 
served  as  controls-  In  a  separate  but  parallel  set  of  experi¬ 
ments*  NTB  animals  were  also  untreated  or  treated  with 
POTAPtChaWw:  complex. 

We  analyzed  serum  samples  ham  NTB  and  lung  TB 
cm  mice  injected  with  DOTAP:ChoMiic  DNA  complex 


tmx 


for  cytokine  levels  at  regular  rime  intervals.  TNF-a,  M-lar 
interferon*?  (iPN-y},  and  il-10  were  produced  by  TB  and 
NTB  mice,  With  maximum  peak  levels  observed  in  both 
groups  at  2  h  for  TNFh*  and  at  6  h  for  IFN-y  (Fig.  1A).  We 
observed  maximum  levels  of  IL-iO  expression  at  12  and 
24  h  in  both  groups.  However,  TNFki  levels  were  50% 
lower  in  TB  mice  than  in  NTR  mice*  In  contrast,  ID  10 
levels  were  $0-60%  higher  in  TB  mice  (Fig.  1A).  The 
expression  of  cytokines  was  rime  dependent  over  the  24- 
h  postinjection  period.  IL-la  levels  did  not  differ  signif¬ 
icantly  in  animals  from  the  two  groups.  Cytokine  levels 
except  those  of  IL4a  were  not  detected  in  control  ani¬ 
mals  that  were  not  treated,  were  treated  with  naked 
plasmid  DNA,  or  were  treated  with  an  empty  liposome 
(data  not  shown). 

To  examine  whether  a  similar  phenomenon  oc¬ 
curred  in  other  tumor  models  we  also  determined 
serum  cytokine  levels  in  A549  lung  TB  nude  mice 
and  compared  them  to  NTB  nude  mice  (Fig.  IB).  Both 
TB  and  NTB  nude  mice  produced  TNF-cc  IL-  1  <x,  IFN-y, 
and  1L- 10.  The  time  courses  far  production  of  these 
cytokines  were  identical  to  those  observed  in  C3H  mice 
described  above,  with  maximum  production  occurring 
at  2  h  fox  ININ**  and  at  6  h  for  IFN-y.  Similarly,  we 
observed  maximum  levels  of  It- 10  expression  at  12  and 
24  h  in  TB  and  NTB  mice.  However,  the  levels  of  the 
cytokine  produced  in  nude  mice  differed  from  the 
Imth  produced  m  C3H  mice  (figs.  1A  and  IB).  Fur¬ 
thermore,  TNF-o  levels  were  moderately  reduced  in  TB 
nude  mice  compared  to  NTS  mice.  The  difference  in 
the  reduction  of  TNF-&  levels  in  TB  C3H  mice  and  TB 
nude  mice  can  be  attributed  to  strain  difference.  How- 
even  other  possibilities  may  exist  and  need  additional 
investigation.  In  TB  OH  mice  we  observed  a  signifi¬ 
cant  increase  in  IL-ia  at  12  h  compared  to  NTB  mice. 
This  Increase  in  ll.-lct  levels  is  not  clear  and  needs 
additional  investigation*  These  results  demonstrate  that 
increased  IL-10  is  produced  in  TB  mice  compared  to 
NTB  mice  following  injection  of  DOTAP:Chol -DNA 
complex. 

Tmmgtm  Expression  Persists  in  Tumor-Bearing  Mice 
Following  a  Single  Intravenous  Injection  of  DOTAP: 
ChGbluc  DNA  Complex 

To  determine  transgene  expression  in  vivot  we  injected 
lung  TB  and  NTB  OH  mice  intravenously  via  the  tail 
vein  with  DOTAPiChol-lwc  DNA  complex  and  removed 
their  lungs  at  different  times  and  analyzed  them  for  luc 
activity.  We  observed  luc  expression  in  bath  TB  and 
NTB  mice,  with  maximal  gene  expression  occurring  24 
h  after  treatment  in  both  groups  (Fig.  2A),  However,  luc 
expression  Ln  NTB  mice  had  decreased  by  48  h  after 
treatment  and  reached  baseline  levels  by  72  h;  luc 
expression  remained  at  baseline  through  day  7.  In 
contrast,  levels  of  luc  activity  remained  significantly 
higher  than  baseline  (P  =  0.0 1)  in  TB  animals  through 
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■ '! iX3TAPChrPv-.v  0N.4  complex  (50  ng)  end  wa*  assayed  for  cytokines  11-10)  using  EU5A.  Untreated  TB  and  MTB  animals 

■  »  ■  ■  ■  onur&s  from  $#ch  group,  la)  Cytoki*ie  j&oiite  in  UV2337m  TB  and  NTB  mice.  £B)  Cytokine  profile  in  A549  king  TB  and  NTS  mice.  Data  repfesant  the 

Igyqti  in  four  Animate  per  group  per  timt  point 


day  7,  However,  a  trend  in  decline  (50%)  of  iuc  expres- 
observed  on  day  ?  compared  to  day  ]  in  TB 

animals. 

vvV  performed  an  malysis  of  transgene  expression  in 
A549  lung  TB  and  NTB  nude  mice.  We  observed  in¬ 
creased  iuc  expression  at  24  h  in  both  groups  after 


treatment  (Fig.  2B),  However,  significant  levels  of  Iuc 
expression  persisted  in  TB  mice  until  day  7  compared  to 
NTB  mice.  Although  lu.c  expression  in  NTS  mice  did  not 
reach  baseline  level*  as  observed  in  C3H  mice,  luc 
expression  was  significantly  reduced  by  day  3  compared 
to  day  L  These  results  demonstrate  that  persistent  tmm- 
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$1C,  2.  ^rwifcjni  fciqprcwion  OCCMn  fn  IB  snimafo  (A)  UV2237M  15 

^T-:;  L"  -H  t**«  asvsi  t$)  &%49  TB  An d  ISFTB  nude  mice  were  injected  with 
iJOTAf  OwMac  Df4A  o$mpi<*w  via  the  Eail  vein.  Their  tartg*  were  ret&Sted  sn 
K  L  i£$$  7  and  analyzed  lor  luc  ejt^esiim.  Lucactftiiy 

■  ii-:,  mUto  light  unit*  (RID)  per  milligram  ol  total  protein,  E*jch 

i-  H?  p&kii  the  average  luc  activity  in  four  animals,  SUrs 

pjnda.rd  Wiwri: 


gene  expression  occurs  in  TB  mice  compared  to  NTB 

mice, 

Repeated  Injections  of  I>OTAF^€haT/tic  DNA  Complex 
lsesu.it  in  Increased  Tftransgene  Expression 
We  next  evaluated  the  effects  of  repeated  injections  on. 
transgene  expression  In  both  lung  TB  and  NTB  C3H  mice 


and  nude  mice.  We  injected  the  animals  via  the  tail  vein 
with  the  DOTAftCholdfic  DNA  complex  either  one  time 
or  daily  for  3  consecutive  days*  We  analysed  lungs  for  lot 
activity  4B  h  after  injection*  in  C3H  mice  lut  expression 
was  observed  in  both  TB  and  NTB  mice.  In  TB  C3H  mice, 
however *  luc  expression  was  twofold  greater  ( P  -  0,001)  in 
mice  treated  three  times  than  in  mice  treated  once  (Fig, 
BA),  In  contrast,  NTB  mice  treated  three  times  expressed 
significantly  lower  levels  of  luc  than  did  those  treated 
only  once  ( P  -  0*01),  Similarly,  analysis  of  iuc  expression 
in  TB  nude  mice  and  NTB  nude  mice  demonstrated 
expression  of  iuc  expression  (Fig.  3B).  TB  nude  mice  that 
received  three  treatments  demonstrated  threefold  in¬ 
crease  in  iuc  expression  compared  to  mice  treated  once 
( P  -  0,001)*  In  contrast,  NTB  mice  that  received  three 
treatments  showed  decreased  luc  expression  compared  to 
mice  receiving  a  single  treatment.  Thus,  expression  of  iuc 
in  TB  mice  receiving  multiple  treatments  was  higher  than 
In  TB  mice  receiving  a  single  treatment.  Furthermore,  luc 
expression  in  TB  mice  receiving  multiple  treatments  was 
higher  than  in  NTB  mice  that  received  multiple  treat¬ 
ments,  These  results  demonstrate  that  repeated  Injections 
of  DO TAF;Chol-DNA  complex  in  TB  mice  results  in 
Increased,  transgene  expression  and  are  in  agreement  with 
our  previous  results  [16j* 

Lung  Tumor  Cells  Express  IL-I0 
To  determine  whether  tumor  cells  contributed  to  the 
production,  of  1L- 10,  we  stained  lungs  from  W 2239m 
TB  and  NTB  mice  for  murine  IL-HX  TB  lungs,  especially 
tumor  cells,  stained  intensely  far  1L40  (Fig.  4).  We  also 
observed  staining  of  infiltrating  lymphocytes  in  the  lung 
tumor  sections*  In  contrast,  NTB  lung  cells  showed  very 
little  ID  10  expression*  We  also  observed  IL-10  protein 
expression  in  human  lung  tumor  cell  lines  and  in 
clinical  specimens  from  patients  diagnosed  with  lung 
cancer  (data  not  shown)  .  To  determine  further  the  levels 
of  11.40  produced  by  UV2237m  tumor  cells*  we  analysed 
cell  culture  supernatants  for  ID  10  production  by  ELISA* 
The  level  of  IL-10  produced  by  murine  tumor  cells  was 
approximately  30  pg/ml  (data  not  shown)*  These  results 
demonstrate  that  tumor  cells  in  addition  to  lympho¬ 
cytes  produce  IL4Q. 

Alveolar  Macrophages  from  Lung  TB  Mice  Are  Less 
Responsive  to  Stimulation 

Since  we  had  observed  1140  production  by  lung  TB  mice, 
we  examined  the  suppressive  effects  of  1110  on  alveolar 
macrophages  by  macrophage  activation  assay.  We  plated 
alveolar  macrophages  isolated  from  lung  TB  and  NTB 
C3H  mice  in  96~wdl  plates  md  stimulated  them  with 
phorboi  myristic  acetate  (PM A),  We  measured  stimula¬ 
tion  of  macrophages  by  addition  of  2 ,T  -dlcholorafluor- 
esedn  diacetate.  Macrophages  from  NTB  mice  showed 
significantly  mare  activation  (P*  0,001)  than  those  from 
TB  mice  (Fig*  5A),  Furthermore*  a  significant  reduction 
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NTE  animate  produced  higher  levels  of  TNF-u  when  txm> 
ted  wit  h  EPS. 
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Neutralization  of  IL-10  in  TB  Animals  Results  m 
Decreased  Transgene  Expression 
To  determine  the  effects  of  IL-10  on  transgene  expres¬ 
sion  in  vivo ,  we  injected  TB  animals  with  a  mouse  ILTO 
neutralizing  antibody  24  h  prior  to  inaction  of  DOTA1V 
ChoWi*:  DMA  complex.  Analysts  of  the  lungs  48  h.  after 
liposome -ON  A  complex  injection  showed  a  significant 
reduction  in  luc  expression  (P  <  0,01)  compared  with 
that  in  TB  animals  that  were  not  treated  with  the 
neutralizing  IL-10  antibody  CPOTAPiChol- luc  complex 
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FIG,  1  MuiJ.piv  treatments  resulted  in  increased  transgarce  expression,  TB  and 
NTB  Oh  nude  nnrt  injected  either  once  Of  three  limes  with  DQTAJhChol* 
&£  3NA  cempie*  (SO  DN^fe&Sqji  vk  &  mil  van  were  assayed  lor  Joe 
<iu^rv,  cA}  a  nvotafa  'tnmm  m  lm  mmfy  was  observed  in  TB  C3H  rrur.e 
i  ^A^itxq  wm  those  receiving  one  treatment  !n 

or  -iCi&ny  m  OH  mke  receiving  three  treatments  was 
i  vi-  Scanty  iow«f  thsti  in  t&tm  one  Mneni  <S)  use  activity  in  TB 

ivtr  Ihret  ttmwmrm showed  two*  to  threefold  Increase  in  iuc 

■  •■  !  "  those  receiving  one  treatment,  in  contrast*  luc 

►  ■ '  .?  rMl  mkfc  MtiMiviff  three  treatments  was  significant^  iower 

“  ;  ■  .  ■■  receiving  ora  treatment  Lgt  actMly  is-  express^  as  &UJ  p«r 
-f  tot al  protein,  Sar*  represent  standard  deviation. 


fiC,  4,  UV2237M  tumor  ce%  pn»to«  MU.  UV2237M)  TB  ap d  r^TB  lung 
tissue  secdons  were  immunoft^ocb^micaify  stained  lor  mouse?  a -10,  MO 
was  detected  in  lung  dssue  sections  m  indicated  by  the  inters  brown 
cytoplasmic  staining,  Staining  for  MO  in  HIB  bog  tissue  sections  was  w&*. 
Tissue  sections  stained  only  with  secotofy  antibody  negative 

controls.  Arrows  indicate  cells  staining  positive  for  !Ufl, 


i  r  *  0,0.1)  i.n  TNF-a  production  by  alveolar  macrophages 
from  TB  mice  was  observed  when  the  macrophages  were 
treated  with  LPS  (Fig.  SB}.  In  contrast,  macrophages  from 
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only)  a*w$:  m  animals  that  were  treated  with  a  control 
isotypic  antibody  {Hg,  6c  Luc  expression  was  also  sig¬ 
nificantly  lower  in  animals  that  received  the  control  tgG 
antibody  fhan  m  animals  that  did  not  receive  any 
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no.  S.:  A::vf-c^r  :ii^f (AM)  from  TB  m!C«  am  i«$  responsive  to  PMA 
mi* tiwt.  (A)  Ahteafcr  macraphagei  from  TB  and  TNB  OH  mite  were 
Ptetad  5»'  ■-'«-***;;  pMon  at  various  edf  densities  and  incubated  overnight  #t 
C«*fc  were  exposed  to  PM  A  (1  pg£m!)  tor  1  h*  Alter  1  ft,  2  47 
drdko  ref  herein  drACoWfe  *vm  adfei  and  Incyb&fftrf  for  30  min.  Macra- 
■&iin •::  jumuteiion  wm  by  toeratflnp  the  Huomscence  intensity  at 

>  ~  ■:*  AM  fmm  TNB  animals  respomfod  to  PMA 

.[.mdaror,  sigftffieraMy  obifipsresf  to  those  Isom  TB  animate  AM  not  exposed 
=  PMA  sss  EQ-nuaiv.  Value;  shown  <sre  the  means  of  qttaOflupftcate 

wpitwm  ttrot  (Bj  Alveola  macrophages  from  TB  and  TNB 

“  :q  •  miee  wens  treated  with  LPS  (1  pg/ml)  for  24  h  and  the  culture  medium 
sm  mmytd  for  m»nn&  TNF-*  A  signsfk^nt  *nm*&  of  TN£-s  protein  was 
<Mm$M  m  the  medium  from  AM  harvested  from  NTS  mice  Compared  to 
Com  TB  mjct  am  not  txposed  to  IPS  served  as  negative  control  (NT), 
asmfof  included  was  provided  in  the  Idt  Data  are  mpmsented  as  the 
means  of  QOadrupi<^te  wd&  fc  represent  standard  error 
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FKL  6.  Neutralization  cl  IU10  in  TB  mice  results  m  decreased  transgane 
expression,  Lung  titfwom  wore  established  in  C3H  mice  by  injecting  UV22J7m 
C^ls  (1  -  1 0^Cdls/weiE)  via  the  tail  vein.  Three  weeks  later,  animals  ware 
divided  into  three  groups  and  treated  as  follows:  group  1  received  no 
{matment,  group  2  received  an  intrapentoneal  (ip)  tn^clfon  of  isotypic  control 
igG  antibody  (20iig),  and  group  3  received  an  ip  injection  ai  neutralising  inti- 
IL-10  antibody  (2Q  ng),  TmokyMur  hours  later,  animals  from  ait  three  groups 
were  treated  with  DQ7AP;CftoMwc  DMA  complex Ma  the  UN  vein.  Animals  that 
did  not  receive  any  treatment  served  as  negative  controls,  Animal*  w& 
euthanized  4&  h  after  injection,  and  their  lungs  were  removed  and  anifced 
for  foe  activity.  Luc  expression  was  significantly  Im.  in  amimls  from  group  % 
than  m  those  from  groups  1  and  2*  A  significant  reduction  in  fot  activity  was 
ahserved  in  group  2  compared  with  groyp  1,  indicating  t^spsdftt 
inhibition*  Luc  activity  H  expressed  el  RUJ  p^r  miiygiam  of  total  protein.  Bars 
represent  standam  error. 


antibody  treatment,  indicating  nonspecific  inhibition  of 
gene  expression. 

Discussion 

The  present  study  demonstrated  for  the  first  time  that 
transgene  expression  persists  in  TB  animals  hut  not  in 
NIB  animals.  Although  persistent  transgene  expression, 
was  demonstrated  in  'lit  animals  in  vivo,  the  cell  types 
that  primarily  express  the  transgene  were  not  investigat¬ 
ed  in  the  present:  study.  However,  we  have  recently 
demonstrated  that  tumor  cells  primarily  express  the 
transgene  at  higher  levels  compared  to  surrounding  nor¬ 
mal  tissues,  both  m  intro  and  in  vivo  [27j.  Based  on  our 
previous  observation  we  can  speculate  that  persistent 
transgane  expression  primarily  occurs  in  tumor  cells. 
However,  expression  can  also  persist  in  other  cell  types 
that  are  present  within,  the  tumor  microenvironment. 

The  underlying  mechanism  fox  the  prolonged  trans- 
gene  expression  was  next  examined,  it  is  possible  that 
inflammatory  cytokines  (TNF-r*,  ILHa),  which  have  been 
previously  shown  to  Inhibit  transgene  expression,  maybe 
altered  in  TB  animals  or  that  the  immune  cells  (macro¬ 
phages,  neutrophils,  T  cells)  that  produce  the  inflamma¬ 
tory  cytokines  axe  functionally  altered  in  TB  animals 
[17-25],  To  understand  the  mechanism  involved,  we 
measured  cytokine  expression  levels  in  TB  and  NTB  ani¬ 
mals  after  intravenous  administration  of  a  liposome- 
DNA  complex*  TNF*a,  IL4gi,  IFN-y*  and  1H0  expression 
was  observed  in  both  TB  animals  and  NTB  animals. 
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few  vet,  rS¥-tx  levels  were  50%  lower  in  TB  animals.  The 
roie  of  TNto  as  a  proin  flam  matory  cytokine  and  its 
po  rerv  source;  alveolar  macrophages,  are  welt  known 
28"1  it  appears  that  the  alveolar  macrophages  may  be 
m  rH  tonally  suppressed  by  soluble  factors  released  by  the 
o.  tin  tumor  129,30]  ■  As  a  result,  production  of  TNF-«  and 
cytokines  triggered  by  TNF-a  may  also  be  reduced, 
thereby  allowing  persistent  transgene  expression.  The 
i^Txaiion  that  IL~ 1.0  levels  were  higher  in  TB  animals 
supports  this  hypothesis.  The  inhibitory  effects  of  i'L-10 
■»r  macrophages  and  TNF-a  production  are  well  docu- 
n rented  "29-  34].  Similarly,  IL-IO  expression  by  tumor 
cells  has  been  previously  demonstrated  [35-39].  Based 
vu  ,  these  reports  we  next  determined  the  source  of  Ife  10. 

;  TumuBOhistocMimkai  analysis  of  TB  lung  tissue  sections 
demonstrated  intense  cytoplasmic  staining  for  IL40  in 
I  'V  2237m  tumot  cells.  Additionally,  m  vitro  assay  demon* 
m  a  ted  J  l  lu  production  by  tumor  cells  albeit  at  low 
:  -vis  The  difference  in  in  vitro  and  m  vivo  ft- 10  levels 
o>:  or.*  due  to  several  reasons  that  include  difference  in 
tunmr  i  oil  number,  cell  type,  (tumor  cells,  epithelial  cells, 
mnnonucHstr  cells,  etc.),  and  in  situ  tumor  conditions.  In 
n.j  j  y h  srt  cA  i  his  are  the  Endings  that  JL-10  staining  was  also 
observed  in  infiltrating  lymphocytes.  Additionally,  IL-10 
expression  was  also  observed  tn  the  surrounding  normal 
rivme*,  that  comprised  fibroblast  and  epithelial  cells.  In 
contrast,  !i  •  10  exprcssio.il  whs  observed  to  be  minimal  In 
STB  bang  tmue  sections. 

It- id  is  .1  Thz-tfpg  cytokine  that  acts  as  an  inimuno- 
^ijpprrsW't  under  a  variety  of  conditions  and  is  primarily 
produced  by  macrophages  and  T  cells  [36,37],  Produc¬ 
tion  or  H  10  and  m  effects  on  immune  cells  have  been 
h  Avn  in  a  variety  of  human  cancers  [39-43].  in  fact*  if 
been  hvown  that  IMQ  production  by  tumor  ceils 
appre  sse.  the  immune  functions  of  macrophages  and  T 
eelh  thereby'  promoting  tumor  growth  [44-49],  Fur¬ 
thermore,  when  present  in  the  tumor  mkroemiron* 
ei.t:,  macrophages  can  produce  IL-10  in  an  autocrine 
nvduon.  resulting  in  functional  inactivation  [36,37], 
>^v:d  on  these  findings,  we  examined  the  effect  of 
it- 14)  m  transgene  expression  in  alveolar 
Duel  ophites  from  TB  and  NTB  animals,  as  well  as  the 
ot  AMA  on  macrophage  stimulation  as  a  measure 
or  function  Tram  gene  expression  was  significantly 
higher  in  alveolar  macrophages  from  NTB  animals  com¬ 
pared  with  those  from  TB  animals.  However,  in  the 
prince  of  11-10,  tramgene  expression  was  significantly 
suppressed  in  macrophages  from  NTB  animals  (data  not 
shown),  Tins  observation  suggests  two  possibilities:  the 
transgene  expression  tvew  transcriptionally  suppressed  or 
the  macrophages  were  hmctiomlly  inactivated,  result¬ 
ing  ;.n  a  decreased  inflammatory  response.  We  believe 
that  functional  inactivation  n  a  more  likely  mechanism 
since  alveolar  macrophages  tom  TB  animals,  when 
-  T-sed  to  PMA,  were  not  stimulated.  In  contrast, 
rrucrophages  from  NTB  animals,  when  exposed  to 


PM  A,  were  observed  to  undergo  significant  stimulation. 
Furthermore,  a  reduction  in  TNF-o.  production  was  ob¬ 
served  in  alveolar  macrophages  tom  TB  animals  com¬ 
pared  with  those  from.  NTB  animals. 

The  difference  in  the  alveolar  macrophage  function 
may  partly  explain  the  observed  increase  in  transgene 
expression  in  TB  mice  receiving  repeated  treatments 
compared  to  NTB  mice.  Although  persistent  and  in¬ 
creased  transgene  expression  has  been  demonstrated  in 
TB  mice  it  is  not  dear  whether  this  is  a  local  effect  or  a 
systemic  effect.  Preliminary  studies  from  our  laboratory 
indicate  that  this  is  primarily  a  local  effect  that  is  influ¬ 
enced  by  the  tumor  microenvironment.  Analysis  of  tram- 
gene  expression  in  mice  bearing  subcutaneous  tumors 
demonstrated  an  increase  In  transgene  expression  over 
time  when  the  mice  were  Infected  with  a  single  dose  of 
DOT  A  V:  Choi  -I dr  DNA  complex.  However,  analysis  of  the 
normal  tumor-free  lungs  from  these  subcutaneous  tumor- 
bearing  mice  demonstrated  a  decrease  in  transgene  ex¬ 
pression  over  time  (data  not  shown).  We  are  currently 
conducting  additional  studies  in  the  laboratory  to  delin¬ 
eate  the  local  versus  systemic  effect. 

Finally,  the  effect  of  It- 10  on  transgene  expression 
was  demonstrated  by  in  vivo  neutralization  experiments 
conducted  in  TB  animals.  Treating  animals  with  a  neu¬ 
tralizing  antML-10  antibody  prior  to  injection  of  the 
liposome-DNA  complex  resulted  in  an  approximately 
50%  reduction  in  iuc  expression  compared  with  animals 
that  did  not  receive  the  neutralizing  antibody  and 
animals  chat  received  an  isotypic  control  antibody. 
These  results  indicate  that  blocking  IL-10  activity  might 
restore  the  inflammatory  response,  thereby  resulting  Hi 
decreased  transgene  expression  levels.  Based  on  these 
results,  we  would  like  to  propose  the  following  hypoth¬ 
esis:  Tumor  ceils  in  addition  to  infiltrating  inflammatory 
cells  produce  IL-10,  which  acts  in  an  autocrine  fashion 
to  promote  its  growth  and  produce  more  IL-10  and  In 
paracrine  fashion  to  suppress  the  functions  of  immune 
cells  (macrophages,  monocytes,  T  cells)  present  in  the 
tumor  mtepenvlforimant  or  stimulate  them  to  produce 
more  IL-10  (Fig.  7),  Intravenous  injection  of  liposome - 
DNA  complex  In  TB  animals  thus  results  in  a  dimin¬ 
ished  inflammatory  response,  resulting  in  persistent  and 
enhanced  transgene  expression  following  repeated  mul¬ 
tiple  treatments  and  in  therapeutic  effect,  A  note  of 
caution  in  that  apart  from  IL-10  other  immunosuppres¬ 
sive  factors  produced  by  the  tumor  cells  may  also  play  a 
role  in  the  observed  persistent  transgene  expression.  We 
are  currently  investigating  these  possibilities  in  the 
laboratory. 

in  conclusion,  this  study  demonstrates  for  the  first 
time  that  a  diminished  inflammatory  response,  partly 
mediated  by  IL-10,  leads  to  persistent  .gene  expression 
in  lung  TB  animals..  This  phenomenon  allows  multiple 
treatments,  resulting  in  enhanced  transgene  expression 
and  therapeutic  efficacy.  Thus,  repeated  delivery  of  ther- 


324 


MOLteCUtAK  ThesmtV  Voi.  9,  Net.  1,  March  200* 
Copyrtghi  £■  Th*  American,  $octt(ty  of  Gftrtir  TherApy 


4a. :  6.  i<n  &■„ yralhR.aW.pl  .007 


Decreased  proinflammatory  cytokine  production 
Dg€f*as3c  phagocyte  activity  (macrophages) 

Receptor  rearrangement  (T  caiis) 

Production  c-i  immunosuppieasvs  cytokines/growth  factors 
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Reduced  inflammatory  response 


F  t-gprcsema&m  of  iu-io  ptothmtim  by  &w$m  its 

on  cdis  and  inflammatory  Turgor  celks-  pixiduce  It- 

i  &  which  «l$  :::  i  sr*  *utocnrw  manner  &  promote  growth  actd  production  of 
nwm  M-D  &nd  i*t  ii  paracrine  fashion  to  suppc&ss  the  functions  of  immune 
■■■■>>  'irwcropjwgw,  t  ceits)  preftnt  in  ibe  ti^nor  by 

■  ■  an#  fKoinfkmm^toty  qytokim*  pna^tof  (M ,  TNN*,  IL- 
■•  ,:id  fec^eptors.  intravenous  mjsctkwi  M  flposome-DNA 

in  TB  animal*  that  results  in  a  diminished  rnfiamroatary  mspotm, 
^u'.hr.r,  in  persistent  and  enhanced  transgene  explosion  after  replied 
♦matments  and  m  &  therapeutic  effect. 

jpeutK  genes  encapsulated  in  a  liposome  is  feasible  for 
i  -j  n  g  c ancer  trea Imen  t  „ 


Materials  and  Methods 

Majr  rktter  AU  lipids  fDOTA'P,  cholesterol)  were  pur chased  from  Ava&tl 
f^isr  Upvte  iM&tmtni.  AL  USA).  KPMf  1640  medium  ar*ri  fed  fevim: 
■  ,-nari  w^pifemsal  tmm  Invltrogen  (New  York,  NY,  USA),  Polyclonal 
:  lit  im4vim.m  HAM  zmhmy  and  aatMaou&e  IL-10  mimacfeM! 

Wte  imm  Fbarmiisgen  (San  Pififo,  C&  USA),  AM4L40 

.-ivuUaliadtig  ubiltsody  m$  purchased  turn 5  lioso^rce  Tn&roatitmai 
rCafnaNJto,  %™A,  t-fSAi  Rftid  botypic  IgG  UtHbody  was  purchased  from 
'Figm  j  GHfefttfcah  (Sr.  Louis.  MO(  USA). 

tif  Uw  1  tmof  rinmwfs*  Murine  fibrosarcoma  cells  IUV2237)  obtained 
fmr  ifj  Isaiah  Rdkrh  M.  D.  Arufevan  Cancer  Center,  were  maintained  tn 
&RM1  S  m&dtfcsm  Human  A549  lung  cancer  cclia  were  obtained  from 
Tissue  £$iitfffe  Colkcrion  (ftocfcvfiJ#,  MD,  USA)  and  maintained 
.  iaqisAFU  medium.  C*ib  were  regularly  panged  and  tested  6»  the 
mycoplasma.  tour-  to  «x-w*dt-ok!  &&»&  OH/Bfe  $mm 
National  Cmmx  Institute.  twderkk  MIX  L-SA)  and  Mhyriik:  md%  mice 
'■‘ifctftfw M.m  uho»tarj«.  Wiirauigtoa  Dr,  USA.)  used  m  the  ste:iy  wtie 
in  j  pathogen -fret*  environment  and  handled  Hixmmng  to 
insiitniicMf  guiddino  rttabiuhed  m  animal  cate  and  stp?, 

ntrifhitiHM  of  plasmids*  Growth  and  purification  of  plasmids  used  in  the 
vtudy  feve  bten  descdbeU  pftvitmsly  ft 6], 
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preparaiimi,  anil  partfde  stom  tmaiysk  of  UpG£Gmt:&NA 

rnmplmm*  The  synthesis  of  20  mM  DOI'A^iClioL  the  preparation  of 
UposomeD NA  complexes,  and  Ole  determination  of  mean  particle  te* 
in  freshly  pupated  lxp<mmznMA  complexes  have  been  described  ptevv 

ou^iy  f!A,S0J, 

pmftk%  m  TB  tmdNTBmke*  Experimental  lung  tumors  .vice 
ystablUhed  by  injecting  i  -  1 0^  lH2ZZ?m  and  AS 49  tumor  cells  into 
OH/Ncr  mice  and  nuik  mice,  respect ively.  Tumor  oeib  were  injected  via 
the  tail  vein.  Ten  eg  fifteen  days  after  tumor  cell  injection  animals  were 
given  a  single  intravenous  injection  of  DOTAP:Chdl-bft: DMA  complex  (SO 
!^g  DNA)  via  rhe  tail  vein,  t  ytoklne  profiles  were  determined  in  these  lung 
m  mice  and  compared  with  those  in  NTB  mice  after  treatment .  Semm 
samples  were  collected  bom  the  annuals  at  0,  2t  6,  13,  and  24  h  after 
mjecuon;  die  samples  were  stored  at  ■  SoftC  and  anaty seed  for  cytokines 
using  murine  cytokine  FJ.ISA  kits  (RM>  Systems,  fjKT*,  Mtnrteapolis,  UK 
USA),  A%uy%  were  performed  in  quadruplicate  aceoiding  to  the  maim- 
faeriife^  g^ideline^. 

Lucifer  us?  expression  in  TB  and  NT B  mt\ tmats*  Lung  TB  end  Ml  C3H 
mice  and  nude  mice  were  injected  with  a  single  dose  of  fXJfAP?€hnUlu£ 
DNALjiposome  complex  (SO  jjg  DNA)  via  the  tail  vein.  Qn  da ys  i,  2h  U  and 
7  after  injection,  the  ammais  waja  euthanized  using  CO.  Inbaktiott,  md 
rbelr  lungs  were  resected.  The  lungs  were  snap-frozen  at  liquid  mHogen 
and  analyzed  for  luc  expression  as  desch^d  previously  [5(1},  Luc  w u 
expressed  as  relative  fight  uhit^  ®t!)  per  milLgram  of  profeti 
auirnals  were  ^ndfe-cd  m  %mfa  of  the  time  pomtS:  The  experiments  wv;a- 
perfotmed  twice,  and  the  results  repotted  were  the  average  means  of  the 
fwG  eKpeftmt aats, 

hi  v4w  lm  zxpft&tton  ftiihwing  sm^lc  and  multiple  treatments  with 
BOTAPtOtoidw DNA  mmpSex,  UV2237m  lung  TB  f«  -  IS)  and  NTS  m  - 
IS)  OH  mice  and  A549  lungTB  {n  *15)  and  NTB  in  *15)  nude  mice  were 
divided  im®  three  groups  each.  Five  Tfl  and  five  NTB  mice  were  treated 
wtm  mmvvmm  Ejection*  of  DOTAF:ChoLiwc  DNA  complex  once,  and 
five  mom  tom  each  group  wm  treated  daily  for  3  days.  Five  TB  mice  and 
five  NTB  mm  did  not  receive  any  tHStment  and  served  as  amuoK  The 
mice  ware  embanked  by  C02  mhaiatiou  48  h  after  treatment,  and  their 
lungs  were  resected.  Total  protein  was  extracted  from  the  lung  timias  by 
homogenizing  the  tissue  in  lysis  butter  and  assaying  for  luc  activity  as 
described  above  iRLU/my  of  protein y  Each  experiment  was  performed  at 
Sysst  three  timet  and  the  results  reported  were  the  means  of  the  diree 

imfmtmhhmdimHiCiiT  amiiysu.  UV2237m  lung  tumors  removed  from 
CPH/Nct  mice  ware  fixed  In  Ifr'k*  buffered  formalin  before  btong  cmfeii- 
4ed  in  -Mndim  and  cut  into  A-jim  secrixm^  Sections  were  si  a  tried  for 
mtiffim  II,4Q  mprm$Um  as  previously  described  [Ihl.  Briefly,  tissue 
m:\ims  treated  mih  &3%  in  methanol  for  30  min  to  block 
embganons  petoxidasa  activity  and  subsequently  incubated  with  normal 
gem  serum  for  30  min  M  room  temperature.  Fallowing  incubation,  dklts 
were  treated  with  goat  poiydonai  anti-fL-lO  antibody  for  60  mtn.  At  ret  30 
min  more  of  incubation  with  an  appropriate  secondary  antibody  [pro¬ 
vided  with  the  ABC  kit;  Vector  Laboratories,  Burlingame,  CA.  USA),  IDiO 
protein  was  detected  In  tissues  using  diammobenzidinc  cn.lwtccd  With 
the  avidirj- biotin  reaaiort  ABC  kit.  The  slides  were  then  counterstsfned 
tvjth  fiematoxyLu)  and  mounted  vrith  Aqua -Mourn  (Lemur  Laboratories. 
PUisburgh,  PA,  USAC 

Atwater  tmtmpkage  uctmttLm  assay.  Alveolar  macrophages  frrutS.  TB 
ttnd  .NTB  C3H  mite  were-  kcqufed  m.  pmiouslv  described  [27,51].  Briefly : 
me  vww  tythanl^d  using  CO^  miiaiation,  and  an  incision  was 
m&cte  m  the  region  of  the  trachea,  Once  the  trachea  was  exposed,  a  21- 
gau.gt  needle  vets:  ioftitgd,  m&  10  ml  of  itorlie  Hanks'’  balanced  salt 
solution  iHBSS)  was  itMm d  into  the  lungs  with  a  ID-mt  syringe.  After  the 
lungs  were  flushed  with  BMSt  the  remaning  liquid  was  aspirated  into  a 
sterile  Falcon  centrifuge  tube  placed  on  lev-  The  ptmmimt  was 
three  to  four  tunes.  Ceils  were  ctniti Uigmm  lODOrpm  for  10  min,  mz bed 
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\ :  •  ..  •  'j  v*  %*.&&  m  pistes.  An  aiiqui-t  the  c#  pf&pB&iitm  w&t 

ji  :•■•  ibc!  i<  ytopsthok^lal  Air&ly&s,  an<3  mom  of  the- ceils 

■■  ■ 1  r*.  'S'“t-ui  mi  a*  macTaphj*^i  Alveolar  jradopfeages  thm  isoteti  were 
u*Xi  :■  ■:  iivii-t . Ulittti  d^say  ikidiv,  alveolar  mat^aphages  feom  H  &n&  NTB 
li  r  mu .u  wtfit-  pitted  ir;  ^6-weii  plates  at  varying  ceil  densities  (1  v  10*. 
>  -=r+\  'imJ  5  ■  1  fcA  and  Incubated  overnight  at  37*C  The 

•:  1 1-  -  ,ia  v-  p.MA  wm  Ml4fi  p  vg/mil  eo=  the  wells  and  men  bated  ^  One  hour 
.  ::  .  nooiH&ai!  wltfi  PMA*  D  ,7*  -diLiiqktiofiunicscein  d&cetaw  (DGFH- 
i  'A  Sigroa  tlh^sttk^fs)  sm  seeded  to  the  wtlb,  tCFH-DA  h  4  ftatoate 
o :;  u: :  ■  v  ■  ■  ifii«  a  ft escen  e  -  .7'  «dicfe psod  uet  by 
t :.'u tjjjuiat  rotidatm  produced  by  alveolar  naaoeopliage*  (SBJ*  The 
•  .  vrr  <A  produced  is  directly  pr&pmiH^j  in  ite  m&dxo- 

:■.  ije  mpogis#.  itawtrte;  n  =  PMA  Thb  test  h  ?outtely  u&xt  tc*  measure 
j*vtfss^t  rdiiooplmp:  PShpwme  to  various  airs&s.  iiuiutfcr*  [$3,£4]<  Plates 

•  err  inciiMtliiS  m  fb&  dark  for  3i  j  min,  After  which  tile  plates  were  read  in 
.  . jvc tT  U f ) LK .'•!■■  -i it i el et  at  -h 5  nr i-  tr*x c nation  and  530  nm  emisste*  Val ues 
■■<-■■  .fcusrajtf.  and  the  result  reported  vtMZ  the  average  ot.  quadxupli* 

rot  eaiih  mutpk, 

h.  a  ^psiaio  tei  pilM  set  of  experiments,  alveolar  matrtrphages 
v  j?fi  rii  Nil-  OH  .mb  e  were  plated  m  plates  and  men  bated 
.•**?<  mgfct.  Ttw  nm  day.  cehs  were  treated  with  IPS  (i  y0ml;  Sigma 
&M  cu lmt&  ^peExiataflis  assayed  fat  TMP^  production  using 
;  S'NN  ESiSA  ht\  (Hb'D  Systems}*  Untreated  cells  served  as 

y.v?  osntrnb  iWrive  tamroi  ptovlded  in  the  kit, 

;?j  expertmtitte  niih  iUiti  ll  JQ  XjV22I7m 

■'■■'  C5H  sjsict  hi  a  im  wvu*  divided  mto  three  groups  and  treated  4$ 

::;i  '.v  ..  \  .:,  nr  5 1  ,r<rteivc;i  no  treatment,  j^nup  2  <?r-*  5}  received  » 

••:■■•  r.i;-„^?iktuneai  knj«ciU?n  ot  enntzai  Isotypic  IgG  antibody  {2$  $0i 
...  .  :  •  ■  >.  up  t  x»!  Yi  fTOtvci’i  b  suiglr  ihttBpmt^o^l  iol^chtmof  muth^e 

n:- -.u -  io  neutrahstng  amibodv  (20  gg)<  Tweiuydout  haun  .lAfeei*  mice 
.  io  -Hi  ik&&  mmps  wese  injected  with  DOTAfChol-hj^  DKA  complex 
■  Si  -  DNAi  di  the  lad  vijin  An  additional  group  Of  arh.mab  (u  “  5}  that 

•  =c  iv?t  receive  eny  tr^ouvni  seivod  as  negative  control  for  rhes^  tatpe-ri- 

.■  =  • .’,.  The  mice  were  euthumxesi  4H'  h  aftex  Mhi  DOT  AP:  Choi - 

. .  ■:  :■  ■:  r  d  t  rtc?t  ru rsgs  resect ed  an  d  j»n*fyg$&  for  Inc  activity  as  described 

w*  Espvunsmn  we«  yAntonned  rwi«  and  teaulb  spotted  were  the 
afuragoft  of  sepa^te  experiments, 

amityxlY  hi  itatistica!  Ugmi&mcg  of  the  expenmetitaj 
■■,;>  ■. vt iciiiiiTit-J  using  ANOTA,  A  P  value  <0,05  wis  Comideml 

MCpi;mwti:i.iK*MfcNTi 

-  ^  ■  siisrii^  thank  Dawn  Qmi&i&  fpr&fffwfat  assiiteftte  and  Atm  fur 
. ..  ...jcvr,  Mi  ^Wfted  Ik  puff  by  ifa  T&m 

hdu  -  .•■^•|JV..-V^  BiUira.  47?/A^P  £f,*ni  00;, 1657^3078*^004 

■  '  A'-  h  v,vr  Ixv&itpmm  Award  frmt  Th?  Uniwrsity  of  Texas  M.  D. 

•--  i-4in*vr  SPORB  M  Umg  Citmr  P$B-CA?Q9Q7-$  (R.flj;  bv 

.uw,  fUMiih  tewiw  Gm&  mi€A?877MT)lAl  tJAJt.i;  by  thz  T&m 

•  ••*  A»  ='  Si enkmmt  Batik  bv  ik£  BESCT  ivitg  Gamer  Program,  Gm& t 

.  •  ••  uni?*OGbm®  mm  **>;  by  target  Uutf  <  MKvr  Grant  DAMm?* 
vv-,  ;z*n4t£?  7);  by  ^rr  iaMituHotuiJ  ktsetmit  Gram  tk. f?A;  by  u  Gram 
■-.■■•  ;hi  g  .  .yf  ^mmikmn  tfUD;  by  Comer  Center  Support  (COMM) 

...  ■  UUk?J;  £Sfuf  fkr  of  rt^curc#:  AgrttonCTif  with  JnUami 
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Chromosomal  abnormalities  atthe3p2L3  region,  including  homozygous  deletions  and  loss  of 
heterozygosity  and  expresslonat  deficiencies  in  3p21 .3  genes  Including  transcriptional  silences 
by  promoter  hypermethylaiioa  ottered  mRNA  splicing  and  aberrant  transcripts,  and  Sost  or 
defect  protein  translation  and  posHransiafionai  mod^oatkm  are  frequently  found  in  most 
human  cancers,  inactivation  of  3p2L3  genes  in  primary  tumors  affects  a  wide  spectrum  af  key 
biological  processes  such  as  cell  proliferation,  cell  cycle  kinetics,  signaling  transduction,  ion 
exchange  and  transportation,  apoptosis  and  ceil  death,  and  demonstrates  the  molecular 
signatures  of  carcinogenesis.  Restoration  af  defective  3p21J  genes  with  several  wild-type 
3p2 1 2  genes  suppresses  tumor  cel!  growth  both  m  vitro  and  in  wva  These  findings  suggest 
several  3p2 )  2  genes  as  potential  tumor  suppressors  and  Implicates  these  3p2L3  genes  for 
future  development  as  biomarkers  for  the  early  detection  and  diagnosis  of  cancer,  and  as 
prognostic  and  therapeutic  tools  for  cancer  prevention  and  molecular  cancer  therapy 


Human  cancer  development  U  a  dynamic, 
complex,  progressive  and  muimtep  process, 
involving  many  genes  and  gene  products  that 
quanritauveiy  and  accumuia* 
dvely  affect  a  biological  network  of  cellular 
signaling  and  functional  pathways  p~*3]. 
Advances  in  human  genomic,  molecular  and 
biomedical  technologies  have  facilitated  the 
rapid  md  effective  identification  of  cancer- 
umcmzd  homozygous  dderiom  and  loss  of 
hcrerozygosky  (LOH)  m  criticaJ  chromosomal 
regions  and  mutations  as  well  as  transcriptional 
and  rransiaritmal  defects  of  genes  and.  gene 
products  that  cany  cancer  hall  mattes  |4~7J>  The 
localization  and  identification  of  potential 
tumor  suppressor  genes  (TSGs)  and  oncogene* 
on  the  short  arm  of  human  chromosome  3, 
especially  the  3p2L3  region,  In  various  tumors 
and  m  early  arobogerms  represent  some  of  the 
man  cxdflng  progresses  in  recent  cancer 
genomic,  cyrogenctk,  and  molecular  biological 
research  [?c  \ty .  This  arude  provides  an  overview 
of  the  most  current  progress  in  molecular 
genetic  research  and  functional  dianiaerizarian 
of  these  novel  3p2L3  genes  in  Human  cancers. 
The  major  intent  ions  of  this  article  arc  to 
present  a  perspective  on  3p21.3  genes  as 
potential  rumor  suppressor  duster  in 
carcinogenesis  and  as  novel  therapeutic  agents 
and  rational  targets  for  molecular  cancer  prc~ 
vendon  and  therapy,  and  m  briefly  describe  the 
dimad  progress  in  using  these  3p2L3  genes  as 
biom&rkers  or  surrogates  for  predicting 
prognosis  or  therapeutic  response  based  on 
fodr  genetic  or  exprcssional  status  In  somatic 


lesions  and  as  therapeutics  based  on  their  tumor 
suppressing  activities  for  human  cancers. 

Genetic  abnormalities  of  chromosome 
3p  &  3p21  region  in  primary  cancers 
Tumor  suppressor  genes  play  a  major  role  in  the 
pathogenesis  of  human  fong  cancers.  Genomic 
and  cytogenetic  studies  of  alMotype,  LOH  and 
somatic  mutations  of  human  cancers  have  pro¬ 
vided  valuable  insights  Into  rhe  chromosomes 
targeted  for  genetic  inactivation  during  tumorb 
genesis  and  act  as  useful  tools  in  identifying 
putative  TSGs  fcMIb  Homozygous  deletion  and 
LOH  of  critical  chromosomal,  regions  and  TSGs 
have  he m  frequently  observed  in  various  chro¬ 
mosomal  locations  art  human  cancers  [Mil- 
Known  TSGii  such  as  Rk  f>53*  FHITknd  puta¬ 
tive  TSGs  have  been  found  at  chromosome 
regions  Bp,  5%  6p,  8p,  9p  and  1  Ip,  as  well  as 
other  sites  [&uU$b  Cytogenetic  and  allelotypmg. 
studies  of  fresh  tumors  and  tumor  cell  Sines  have 
shown  that  alkie  loss  from  several  dxguncc 
regions  on  chromosome  3p,  Including  3p25, 
3p21-22,  3p,l4  and  3p  12-13,  ire  the  most  Fre¬ 
quent  and  earliest  genomic  abnormalities 
involved  in  a  wide  spectrum  of  human  cancers 
including  lung  is-iojz  14,1st*  breast  InM it*,  head 
and  neck  ovarian  cervical/urerus 

colorectal  m.2%  pancreatic  posi}, 
esophageal  bladder  [37,38]  and  many  more 

E  ty-'ifi  (X&k  !  L  These  results  strongly  suggest  the 
potential  for  genomic  instability  and  genetic 
aberrations  in  the  3p  region  leading  to  a 
predisposition  for  lung  and  other  human  cancer 
pathogenesis. 
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Table  1,  Genomic  abnormalities  of 
chromosome  3p  and  3p21  region  in 
human,  cancers. 

Primary  tumor 
site 

%  genomic 
abnormality 

Refs 

Long 

65-95 

[8.10,12. 14] 

Bresst 

30-37 

mMM 

Head  &  fleck 

30-69 

(l«-2  01 

Ovarian 

>50 

mm 

CeivicaVuterus 

4MQ 

mm 

Colorectal 

1  4~B. 

128.201 

Pancreatic 

35-45 

{3MH 

Esophageal 

11*55 

S32-36] 

Renal  cell 

45-S? 

(44.110] 

Bladder 

'2$40 

IX?  Ml 

Nasopharyngeal 

79-50 

141,42,531] 

FoUkyfer  and 
papillary  thyroid 

17-67 

1431 

Liver 

35-46 

US] 

9*i 

>15 

m 

Gail  bladder 

35-65 

14S.48] 

Candidate  tumor  suppressor  genes  in 
the  3p2T$  region 

Multiple  overlapping  kmm&ffipw  deletions 
have  been  found  m  die  3p21J  chromosomal 
region  in  small  cell  lung  cancer  (SCLQ  cel!  lines 
H740,  H1450  and  GLC2Q,  and  m  the  breast 
cancer  cell  line  HCC1560,  These  discoveries 
have  narrowed  the  search  for  putative  TSGs  to  a 
ainad  region  of  approximately  1 20  kb 
The  pumtive  3p21 .3  rumor  suppressor  region 
was  identified  by  aildotypiog  designed  to  define 
areas  of  LOH  in  matched  tumor  and  normal 
dssm  pairs  and  by  examining  uncommon 
examples  of  homozygous  deletions.  Nine  gmes 
{CACNA2D2.  P16X  1QIF6,  PUS  I,  ELU, 
MSSPK  m$U>  HYAL2  and  HMU),  u 
illssTiated  in  Figure  c  were  either  disrupted  by  or 
im.mediardy  flanked  the  nmwd  lung  and  breast 
cancer  homo^ygeau;  deletion  found  in  the 
3p21,3  regfo n  yucuy*  The  cDNAs  of  these 
gmes  were  isolated  md  cloned  and  mutations  in 
these  genes  were  identified  in  various  rumors  and 
tumor  cell  lines  by  single-strand  conformation 
polymorphism  and  DMA  sequencing  analysis 
A  number  of  the  cDNA  clones 
demonstrated  appradmttdy  50%  amino  acid 
homokfgy  to  known  genes,  for  example,  the 
predicted  amine  add  sequence  of  CACNA2D2 
and  funafona!  analysis  showed  that  CACNA2D2 
k  the  a -2-8  regulatory  subunit  of  a .  volcige-gated 


Ca:*  channel  gene  [4S,so];  NPRL2  is  homologous 
to  a  nitrogen  permease  regulator;  SASSFJ  h  a 
homofog  of  a  mouse  Ras-binding  protein, 
MaxpUNorel;  HYA12  and  MYALl  ait 
hyaluronidasos  m;  IdlF&ts  recently  identified  to 
be  a  member  of  the  tihheme  cytochrome  (cyt)~ 
b^y  protein  hmiiy  |Si]4  as  demonstrated  by  a 
more  than  90%  alignment  of  consensus  amino 
add  sequences  in  the  feme  reductase 
transmenibranc  domain  of  the  cyt-k^;  BLU  and 
PUS- 1  have  no  homology  to  known  genes  :sj. 

Genomic  changes  In  the  3p2L3  region  can  be 
found  in  smokc-dlam&ged  respirator  epithelium 
and  prcneoplasrk  lesions  and  may  be  involved  in 
inactivation  of  several  potential  TSGs  such  as  the 
3p2L3  gcoe#  and  the  3p34,2  gene  PH IX  and  in 
the  activation  of  oncogenes  in  the  region  {52] . 
Furthermore,  studies  of  lung  preneopksia  indi¬ 
cate  that  3 p213  allele  loss  is  the  earliest  lung- 
can  oer-assod at ed  generic  abnormality  detected 
thus  far.  Since  die  allele  loss  occurs  in  preneo- 
plastic  lesions,  this  suggests  that  one  or  more 
3p2L3  recessive  oncogenes  function  as  'gate¬ 
keepers'  in  the  molecular  pathogenesb  of  lung 
and  many  other  human  cancers  152,53],  An  inte¬ 
grated  study  of  the  molecular  mechanisms  and 
anticaneer  efficacy  of  these  novel  3p213  TSGs, 
complemented  with  advanced  technologies  and 
systematic  methodologies,  may  provide  Insight 
into  the  role  of  3p21 3  TSGs  in  human  cancer 
pathogenesis.  Findings  from  these  studies  may 
have  substantial  implications  for  the  future 
development  and  use  of  these  3p2L3  TSGs  as 
cytogenetic  biomar.kcrs  for  early  detection, 
prevention,  diagnosis  and  molecular  staging  of 
human  cancers  and  as  therapeutic  rook  for 
human  cancer  gene  therapy 

inactivation  of  potential  3p2T3  TSGs 
In  human  primary  cancers 

h  b  widely  accepted  that  most  cancers  arise  as  a 
consequence  of  the  stepwise  accumulation  of 
genetic  changes  tad  somatic  mutations  In  cancer 
susceptibility  gem  such  as  oncogenes  and 
TSGs,.  These  genes  directly  regulate  cell  prolifer¬ 
ation  and  dlficrtntiation,  or  Indirectly  promote 
rumorigenesb  by  maintaining  the  genomic 
integrity  of  the  ceil,  control  ling  cell  death  and 
apoptosis,  and  providing  a  stroma!  microenvi¬ 
ronment  for  cellular  neopbsdc  transformation 
[3,54,55],  Subsequent  mutations  and  functional 
modulations  such  as  gain  or  lass  of  function  of 
these  genes  and  gene  products,  further  drives 
tumor  progression  towards  to  malignance, 
invasion  and  roctast&ses,  However,  growing 
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Figure  t.  Scheme  of  human  chromosome  3  and  3p21.3  candidate  tumor 
suppressor  genes. _ 
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T'ne  digram  of  the  barring  pattern  of  the  chromosome  3p  .short  arm  is  snown  on  the  top  and  the  genes 
'  ■  the  3o2U  overlapping  homozygous  deletion  region  aro  shoved  on  the  bottom,  The  3p21 .3  genes  are 
represented  by  green  filled  arrows  with  indications  of  the  transcriptional  orientations.  The  positions  and  sizes 
of  genes  on  the  chromosome  are  schematic  and  the  GenSank  accession  numbers  for  each  gene  are  given 
un cer  the  lines  Four  gens  immediately  adjacent  10  3p21 3  genes  are  represented  by  blue  filled  arrows 


evidence  indicates  that  dm-dopoieiif.  of  human 
cancers  in  general  md.  mmm&nm  in  particular, 
may  be  medmieallf  mote  complex  dun  the 
original  belief  that  m&mfemioti  of  a  cancer 
phenotype  required  a  high  mutation  ram  [561 . 
Recently,  Wand  and  colleagues  direo.lv  measured 
mutations  in  sporadic  colon  carcinoma  and 
found  that;  the  total  number  of  mutations  was 
considerably  lower  than  predicted*  and  suggested 
that  increased  gene  mutation  rare  done  .may  not 
be  the  key  to  rumori  genesis  i$?Ml  Moreover 
intragenic  mutations  chat  occur  during  the 
development  of  most  sporadic,  human  carcinoma 
are  restricted  to  a  small  subset  of  genes  such  as 
m  p53,  /?&  ri&f  and  Wnr  Mutations  in 

3p2  i  .3  genes  arc  rare  and  only  a  few  mutations 
chat  alter  or  itwmm  amino  add  sequences  have 
been  found  in  a  number  of  3p2 1 3  genes  includ¬ 
ing,  AffiftU  BLU,  FUSL  and  MYALL  and  only 
mo  miss  ease  imitations  were  detected  in 
RASSFJA  in  more  than  200  human  primary 
ameer  samples  Wffii*  However,  none  of  the 
genes  have  been  shown  to  be  frequently:  and 
somatically  Mutated  in  human  cancers-  including 
lung  cancers  and  cancer  cell  lines  lsM£%~ 
Therefore*  some  other  mechanisms  such  as 
chromosome  instability,  dramatic  gains  and 
lo&es  oi  genetic  materials  {aneuploidy)  *  pro¬ 
moter  ro  ethylation,  haploiu^uffickncy  altered 
RNA  splicing,  as  wdi  as  defects  m  transcrip¬ 
tional,  translational  and  pcot-tramlational 
processes  that  are  frequently  found  in  the  3p 


region  and.  in  3p2L3  genes,  may  play  m 
impomm  rok  in  the  ultimate  inactivation  of 
3p21 3  TSGs  m  primary  tumors. 

Aberrant  epigenetic  m ethylation  in  the 
promoter  region  of  growth  regulatory  genes  is 
now  recognised  as  a  common  alternative  mecha¬ 
nism  for  gene  maedvarion  in  human  cancers 
163,647  In  fact,  there  are  as  many  if  nor  mom, 
TSGs  mmmmi  by  epigenetic  promoter 
hypcnne&ykrkm  as  they  are  by  somatic  muta¬ 
tions  in  coding  .regions  m~& %  RASSFJA  k  one  of 
the  3p2 1,3  genes  that  has  been  extensively  ana¬ 
lysed  For  m  methyl ari on  pattern  of  the  CpG 
Island  in  the  promoter  and  for  expression  in  a 
variety  of  primary  human  cancer  and  cancer  cell 
lines  as  summarized  in  a  recent  review  by  Dam- 
maim  and  colleagues  mi  ¥qt  example,  RASSFJA 
is  methylated  in  more  than  90%  of  SCLCs  and  m 
more  than  50%  of  non-small  cell  lung  cancers 
(NSCLQ  for  which  its  expression  k  lost  with 
such  methyheion.  In  contrast,  RASflA  was  not 
methylated  in  a  large  number  of  normal  lung 
samples  obtained  during  lung  tumor  resection 
and  was  ujrrmhykted  and  expressed  in  epithelial 
cell  cultures  nuajitfS}.  Loss  of  expression  corre¬ 
lated  with  promoter  hyper  methyl  ado  n  of 
MSSFlA  gene  [62jS5j67j£8h  In  a  preliminary 
immunohistochemicd  (IHQ  study  of  human 
lung  tumors  and  un  involved  normal  tissues,  the 
egpmitCHi  of  RASSFJA  was  dso  directed  In  nor¬ 
mal  brooch  I  aJ  epithelial  samples  but  not  in  the 
pained  tumor  samples  Pu^blishd  Dm*. 
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Futhmaarc,  reversion  of  epigeaetk  methyiadon  filght  mass  spectrometry  (SELD I  -TO  F*  M  $ ) 
by  treatment  with  the  DNA  medrylarion  on  an  and-FUSl  antibody  capmze  PromnChip 
inhibitor,  kdmxycyodinc  (AZA)  <myt  to  analyze  the  status  of  expression  and  post- 

or  by  RNA  interference-  translational  modificatiom  of  FUS1  protein  in 
mediated  breakdown  of  DNA  methyl transferase  primary  lung  cancer  and  cancer  cell  lines  [tf.y. 

1  leads  to  re-expression  of  the  silenced  gene  Wild-type  FUSl  was  indencified  as  an  A^myris- 
JMSSFIA  in  various  cancer  cell  lines.  Promoter  toykted  pro reia  and  significant  loss  of  expression 
h ypennefhy bdon  has  also  been  detected  in  sev-  ora  myrktoylation  defter  ofrJhc  FUSl  protein  In 

■  ■■'a i  other  3p2L3  genes  including  BLU  j£?33j*  those  primary  lung  cancer  and  cancer  cell  lines 
CACNA2D2  \mf  HYAL1  \m  and  SEMA3B  wasfbuod  i£y.  These  results  suggest  a  novd  alter- 
r7$i\,  whidi  correlates  with  the  loss  of  these  native  mechanism  for  the  huedvadon  of  tumor 
3p2U  fpm  b  various  human  omezn.  These  suppressors  in  human  cancer  and  a  role  for  dell- 

■  ■  dm  si^geBt  rfi  at  epl  gened  c  stl tn  d ng  of  3 p2 1 3  den  t  post-  transit  r  i  onal  modi  demon  In  TS  G  - 

TSGs  plays  a  aided  rok  in  their  inactivation  in  mediated  carcinogenesis  and  warrant  further 
primary  cancers  and  in  tumongeneds.  study  of  alternative  inactive  don  mechanisms  of 

The  FUSl  gene  is  another  potential  3p2i.3  3p213  TSGs  in  the  pathogenesis  of  lung  and 

TSG  that  hm  been  found  to  be  inactivated  in  pn-  other  human  cancels* 
mary  rumors  hy  dkem&dvc  mechanisms,  such  as 

influence  from  tfat  umlmuk  effects  of  3p2L3  Tumor  suppression  activities  of 
slide  iuploinsuffidmcy  and  the  defect  transit-  3p2T3  genes 

non  and  post “translational  modifications  of  the  Actinides  of  3p213  genes  alfect  and  regulate 
gene  products,  other  than  by  the  classic  two-hit  many  biological  processes  such  as  cell 
model  that  requires  mutation  in  one  allele  and  differentiation.  proliferation,  cell  cycle  kinetics, 
sjlcnong  or  Joss  on  another,  or  by  epigenetic  signalling  transduction,  bn  exchange  and  mum 
Mlendng  with  promoter  methyktbn  The  pornnion,  apoptosis  and.  cell  death.  These  bio- 
do  ned  cDNA  of  FUSl  k  333  bp  md  encodes  a  logical  activities  directly  or  Indirectly  associate 
prorein  of  1 10  ammo  add  residues.  Only  a  few  with  the  observed  rumor  suppression  acrinries  of 
mura  lions,  in  eluding  miss-sense  mutations  and  several  3p2l3  genes  when  they  are  reactivated  m 
t  terminal  deletion  mutation  in  the  FUSl  gene,  3p-defrcknt  rumor  cells,  although  the  molecular 
have  been  identified  in  primary  lung  cancer  snrm  mechanisms  involved  remain  largely  unknown, 
pics,  The  expression  of  FUSl  mRNA  was  sue-  One  of  the  core™  for  defining  the  role  of  3p 
cmfuJIy  detected  bur  no  evidence  of  promoter  genes  as  TSGs  is  to  demonstrate  that  die  tumor 
meibyuuon  codd  be  demomcmted  in  lung  can-  phenotype  marked  by  motivation  of  the  3p2L3 
cers  Eased  on  Mb  obsemtiom  it  has  gents  can  m  rescued  by  replacing  the  mutated  or 

been  hypothesized  that,  given  the  lung  cancer  deleted,  genes  with  the  wild-type  alleles.  If  ire- 
growth  suppressing  properties  of  PUS  I  both  quern  LGH>  homozygous  deletions,  on  in  some 
in  uim  and  in  animal  mndd$,  it  would  have  to  cases,  abnormal  transcripts  and  mutations  of 
ict  as  a  TSG  in  a  hapMnmOkkiit  manner  since  3p21.3  genes*  arc  the  targets  of  carcinogen s*  and 
most  lung  cancers  mpmmted  dick  km  in  this  the  loss  of  3p2L3  gene  function  leads  to  human 
3p2 1 3  region  ,;§y,  Mdbucmggh  FUSl  mRNA  tran-  cancers,  one  might  predict  chat  replacement  of 
senpfioti  could  be-  demcied  on  northern  blots  of  the  deleted  3p2 1 ,3  genes  with  the  wild- type 
RNA  prepared  from  lung  cancer  ceil  lines,  how-  genes  would  result  in  tumor  suppression  similar 
ever  no  my  endogenous  FUSl  protein  could  be  to  thar  observed  with  the  classic  kb  or p53  TSGs, 
detected  in  these  lung  cancer  celis  on  western  ji  mi  colleagues  used  recombinant  adenoviruses 
blots  using  the:  affinity'  purified,  ami- FUSl  to  introduce  wiid-typt  3p213  genes  into 
peptide  antibodies  mmmi  IHC  analysis  of  NSCLC  tumors  or  cel!  lines  in  which  3p21.3 
FUSl  expression  on  the  conventional  tissue  see-  genes  were  either  heterozygous ly  or 
dons  oi  paired  lung  cancer  and  noemvoived  homozygously  deleted  to  characterize  die  genes' 
normal  samples,  or  micro r issue  arrays  potential  tumor  suppressing  functions  m  vitro 

with  lung  cancer  samples  ar  varbos  md  in  vim  It  was  demo  narrated  ihat  intro- 
pathubgioti  stages  demonstrated  that  normal  ducks g  wild-type  FUSl,  IQJF6,  NPRL2  and 
lung  epUhcliaJ  cells  expressed  FUSl.  but  most  RASSFIA  by  recombiiiant  adenoviral  vector- 
i>  50%)  lung  eantxr^  did  not  |S3],  Uno  and  mediared  iramfe  into  lung  cancer  cells  widi 
colleagues  t83i  recently  used  a  surftce-  abnormal  3p2I3  genes  inhibited  tumor  cell 
enhanced  iaser-desorption/ionbanon-dme-ofi  growth  and  induced  apoptosis.  Moreover* 
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hrraraiBGfal  infection  of  i^ecombintat  adenoviral 
vectors  containing  these  wild-type  3p.2L3  genes 
significantly  suppressed  the  growth  of  human 
NSCLC  xenografts  md  systemic  admk&mtion 
of  protamim^compjissfeed  atienovkaj.  vsaoi 
carrying  die  genes  efficiently  inhibited.  expe ri- 
memri  metasrascs  of  king  ameer  cells  in 
xenograft  murine  models,  Theft  results  strongly 
suggested  that  FUSl ,  JMSSFJA,  tQ.iPS  and 
NPRIJ  genes  m  the  3p2 1 3  chromosomal  region 
function  individually  m  TSGs  or  collectively  as  a 
rumor  suppressor  region  in  vim  and.  m  mm. 
Tumor  suppressing  activities  of  3p2l-5  TSGs 
are  bail  marked  typically  by  didr  capabilities  in 
inhibition  of  tumor  cell  growth,  Induction  of 
upoptosb  ap.d  alteration  of  ceil  cycle  kinetics 
in  vim  and  in  vim,  However  the  molecular 
mechanism  and  signaling  pathway  involved  in 
these  3p2IJ  TSG -mediated  biological  processes 
and  their  roles  in  pathogenesis  of  human  cancer 
remain  tg  be  elucidated.  For  example,  reactiva¬ 
tion  of  wi  id-type  FUSi  in  FUSl -ocpressionaT 
deficient  'NSCLC  cells  resulted  in  cell  cyde  airiest 
m  the  G I  phase  and  accumulation  ar  the  S  phase 
and  led  to  induction  of  apoptosis  [susm*.  In  m 
attempt  to  \imdfy  the  potential  cellular  targets 
of  the  FUSl  protein  to  gain  insight  into  the 
mechmum  of  IrV  function*  the  authors  used  a 
PtoteinChip  anw  based  analysis  of  protein-pro- 
rein  interaction  md  peptide  mapping  with 
SBLDI-TOF-MS,  and  recently  discovered  that 
the  FUSl  protein  directly  interacts  with  the 
apoptotk  protease  activation  factor  (Apaf)  1 
protein  |ns]j.  Using  an  immunofluorescence 
imaging  analysis  with  FUSl  and  Apaf!  antibod¬ 
ies*  the  md&edmxmi  of  the  ApafI  was  also 
detected  with  wild-typc  FUSl  in  a  distinct  mho- 
dtondml  and  endoplasmic  reticulum  membrane 
location  that  is  characterized  by  a  epical  FUS 1 
protein  subcdtluhr  pattern  in  living  tumor  cells 
\u\.  These  findings  suggest  that  the  FUSl  pro¬ 
tein  may  function  a*  a  key  mediator  in  the 
ApafUmcdmed  mitochondrial  a  pop  roils  path¬ 
way  by  reeruiditg  and  directing  cytoplasmic 
Apart  protein  to  a.  critical  cellular  location  and 
activating  It  in  situ,  and  by  upregulattitg  the 
activity  of  other  proapdptotk  effectors  such  as 
p53*  More  derailed  studies  of  the  interactions  of 
FUSl  proteins  with  m  cellular  targets  and 
molecular  actions  are  now  in  progress* 

The  RASSF1A  protein  has  been  reported  to 
play  an  important  role  in  regulation  of  die  cdl 
cyde  process.  The  transient  expression  of 
RASSflA  in  NSCLC  cells  induced  G  l  cell  cycle 
mvm  m  mi  S  phase  inhibition  mm,  inhibited 


accumulation  of  cydin  D 1  protdn  engaging  the 
Rb-Famijy  cdl  cycle  checkpoint  mi,  and 
increased  sensitivity  to  sraurosporme,  a  potent 
apoptosis  inducer  and  phosphoiipid/Gti*- 
dependent  protein  kinase  inhibitor,  induced 
apoptosis  $7).  Song  and  colleagues  recently  dem¬ 
onstrated  that  RASSFlA  protein  span  ore  mpo- 
rally  regulated  the  stability  of  mitotic  cycling  and 
the  timing  of  mi  code  progression  by  Interacting 
with  cdc-20,  which  leads  to  inactivation  of  ana- 
phase-promoting  complex  (APC)  and  prevents 
degradation  of  cydin  A  and  B  until  the  spindle 
checkpoint  becomes  fully  operational  [mm]. 
Conversely  the  siRN A- mediated  depletion  of 
JMSSFIA  accelerated  mitotic  cydin  degradation 
and  mitotic  progression  as  the  result  of  premature 
APC  activation  mi*  Overe^pprcssiun  of  the 
RASSFlA  gene  has  also  been  shown  m  suppress 
cdl  growth  and  anchorage- independent  colony 
formation  on  soft  agar  in  renal  carcinoma  ceils 
inh  It  has  also  been  shown  to  retard  cell  pmhfenu 
tiun  in  PASSFlA'-dFhdmz.  nasopluryagral  card- 
noma  {NQ  cells  m  mm  and  reduce  the 
mmmgtmk  potential  of  NC  cells  transfected 
with  wild-type  RASSFIA  In  nude  mice  [931-  These 
findings  strongly  suggest  that  HASS  Pi  A  h  an 
important  rumor  suppressor,  responsible  for 
inhibiting  cell  proliferation  md  regulating  multi¬ 
ple  levels  of  die  cdl  cycle  process,  especially  in 
mitotic  pmgrmion, 

CACNA2D2  is  characterized  structurally  as  a 
new  a  282  auxiliary  subunit  of  the  voltage-acti¬ 
vated  calcium  channel  (VACO  protein  complex 
EM9,94i-  The  CACNA2D2  protein  k  highly 
expressed  In  normal  lung  tissue,  but  either 
absent  or  underexpressed  in  more  than  50%  of 
lung  cancer  Wb  Early  loss  of  CACNA2D2 
expression  was  also  observed  in.  the  pathogenesis 
of  lung  ameer  ffil  Ectopic  expression  of 
CACNA2D2  by  adenoviral-vector  mediated 
wild -type  CACNA2.D2  gene  transfer  in  various 
3p21 3-deffieiem  NSCLC  cdl  lines  showed  a 
profound  effect  on  mitochondria  homeostasis, 
cell  proliferation*  apoptosis  and  mtraedlukr 
Ck2*  levels  CACNA2D2tinduced 

apoptosis  has  been  sit  own  to  be  mediated 
through  a  cellular  process  involved  in  the 
regulation  of  intracellular  OrMevels,  the 
di&mption  of  mitochondria  membrane  integrity, 
the  release  of  cytochrome  e  and.  the  activation  of" 
downstream  caspasra  [m 

Wild- type  SEMA3B  and  SEMA3F  pm  reins., 
members  of  the  secreted  md  membrane- 
associated  semaphorm/collaptiug  protein  family 
involved  in  nerve  growth  cone  migration  fioi, 
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induce  apoptosis  and  inhibit  turn o r-cd l ind need 
colony  formation  m  soft  tpi  md  tumor  cell 
growth  w hm  reintroduced  into  lung  cancer  cells, 
while  dm  oncer-acquincd  niissensc  mutants  have 
Imt  their  aaivirics  iimi  Similarly,  SBMA3B  and 
SEMA3F*  media  red  tumor  suppressing  activities 
are  also  observed  m  human  ovarian  adenocarci¬ 
noma  rumor  xenograft,  m  nude  mice  \tn, 
5EMA3B  may  also  involve  inhibition  of  tumor- 
cdh Induced  angiogenesis  and  invasion  by  imt i> 
fering  with  VEGF  function  through  comped- 
lively  binding  to  neutopUin  (NFJ-I  and  -2,  rise 
co receptors  of  several  vascular  eudothdki  growth 
factor  CVBGF)  faoforms  and  SEMA3  family  pro 
i dm  m-tni  Trtmcripdon  of  SEMA3B  m  RNA  is 
induced  by  sxog %mm  expression  of  wild-type  p5'3 
in  p53-d^Hamx  gftobktoma  cells  and  in  response 
to  gtnotoxk  stresses  caused  by  treatment  with 
adriamycin  qt  ultra  violet  (UV)  irradiation  in  a 
p5  Independent  manner*  suggesting  that  SEMA3S 
might  phi>  a  role  in  regukriog  cell  proliferation  by 
mediating  p53  tumors  oppressing  activities  mi  ft 
has  recently  been  found  that  SEMA3F  located  at 
■he  inter  face  of  adjacent  interacting  cdk  inhibited 
cell  attachment  md  spreading  in  human  mim* 
mmy  tumor  cells,  suggesting  that  SEMA3F  may 
pkj  a  role  in  cell  motility  and  cell  adhesion,  lass* 
of  SBMA3P  expression  enhances  metastatic 
potential  imwl  These  results  consistently  suggest 
the  tumor-suppreasfog  function  of  SEMA3B  and 
S.EMA3P  In  human  cancers. 

The  HYA1 1  and  -2  proteins  are  members  of  a 
large  famiiv  of  hymluronidases  that  arc  required 
for  breakdown  df  hyaluronan  (HA),  m  abun¬ 
dant  component  of  the  extracellular  mat rb 
Modulations  in  HA  may  alter  the 
interaction  between  infiltmting  inflammatory 
rmal  cortex  cells  and  resident  cells  poai*  lire 
activity  of  HAYti  and  -2  in  periodontal  %ment 
fib  rob  bits  fa  men  dal  For  mnirfuW  HA 
metabolism  under  physiological  md  inflamma¬ 
tory  coadidoos  im).  Levels  of  HA  in  surround¬ 
ing  tumor  adh  often  correlate  with  the  potential 
of  tumor  progression.  In  addition,  overproduc¬ 
tion  of  HA  enhances  anchorage! ^dependent 
rumor  cell  growth  jifj.aoj.  Lem  of  H.YAL  activities 
may  permit  HA  accumulation  that  may  be  one 
of  prcrcqukerneuu;  for  card  nogen  eh  ]iuV5aMK 
Hypoxia  mm  significandy  reduces  both  HYAL1 
mRNA  transcription  and  protein  activity  in 
glioma  cells,  suggesting  the  involvement  of 
HYAL  proteins  in  turn or<dbktduced  angfogeo- 
csfa  and  invasion  imi  Loss  of  expression  and 
activity  of  HYALI  protein  was  observed  in 
number  of  cancer  edi  llncsv  correlating  with  foss 


of  gene  expression  from  the  promoter 
hypermethyktioo  [mi  Forced  expression  of 
HYALI  in  f/LdX-dysfuncdonal  cell  lines 
resulted  in  cell  cycle  arrest  and  induction  of 
apoptosis  in  vim,  and  rendered  ounorogemcity 
of  surviving  rumor  cell  clones  m  nude  mice  mi 
Together*  based  on  the.  evidence  that  multiple 
3p2L3  genes  exhibit  various  degrees  of  tumor 
suppression  activity,  we  strongly  suggest  that 
genes  in  3P2i.3  may  function  together  as  an 
integrated  tumor  suppressor  region  through 
thdr  diverse  biological  activities. 

3p21 .3-torgefed  mouse  model  for 
human  cancers 

Comparison  of  molecular  abnormalities  in  mouse 
cancer  models  with  those  occurring  In  humans 
his  revealed  that  mouse  lung  tumors  are  hfato log¬ 
ically  most  similar  to  human  adenocarcinomas 
and  generic  abnormalities  such  as  AT-ras-  activat¬ 
ing  rnummns  keen  m  80-90%  of  mouse 
rumors),  LOH  at  mouse  chromosome  4  and 
Inactivating  TSG  mutations  of  murine  p33  at 
mouse  chromosome  1 1  and  RL  FHfT  genes  at 
chromosome  1 4  could  also  be  found  in  humans  at 
the  equivalent  chromosome  locus  and  in  human 
gene  and  protein  counterparts  {MJfi-ia&h  Thus, 
while  there  arc  some  differences*  in  general  *  it 
would  be  expected  that  the  mouse  lung  tumor 
models  would  also  share  similarities  with  human 
lung  cancer  in  terms  of  3p2 1 3  allele  loss,  partial- 
krly  given  the  first  results  with  the  FHfT  gene 
[iof>].  Because  of  the  importance  of  3p2J3  allele 
loss  in  the  pathogenesis  of  human  lung  cancers,  k 
would,  be  extraedfoarfly  valuable  to  liave  a  mouse 
model  that  mimics  human  lung  c&acor  by  under¬ 
going  alfcle  loss  or  anccx*rdated  genetic  changes 
m  attempts  to  im  genes  in  this  human  3p2L3 
region  for  development  of  early  detection  and 
therapeutic  treatments  of  lung  cancer.  The  mouse 
autofop  of  3p2L3  TSGs  have  recently  been  iden¬ 
tified  m  t be  mouse  genome  and  thdr  loci  have 
been  mapped  to  die  mouse  chromosome  9FI-2 
region  mm  i%ui*  2).  These  mouse  genes,  like 
their  human  counterparts,  are  surprisingly  clus¬ 
tered  in  a  region  approxtmmately  200  kb  region 
of  the  mouse  chromosome  9  with  an  extremely 
high  density. 

The  mouse  ducky  mutant  fa  a  novel  recessive 
phenotype  characterized  by  spike  wave  seizures 
md  cerebellar  ataxia  and  a  model  for  absence 
epilepsy  ;noj.  The  underlying  mutations  have 
been  mapped  to  the  €ACNA2D2%mz  in  mouse 
chromosome  9FP  in  which  either  the 
introduction  of  premature  scop  codon  causes 


34 


Future  Oncology  (2G05)  1(1) 


3p2 )  .3  •  urr,c'  suppressor  cluster  -  REVIEW 


rhe  predicted  protein  truncation  fnoaiii,  ox  a. 
38  kb  duplication  comprising  die  117 
nucleotides  of  exon  3  results  in  the  expression  of 
a  foil  length  protein  with  promoted  duplication 
of  39  amino  acid  at  the  N-terminm  ini]*  Ail  of 
these  mumtoiu  resulted  m  the  abnormal  func¬ 
tion  of  the  CACNA2D2  protein  in  regulation 
dfCati*  channel  activities  in  mice t  and  led  to  the 
ducky  phenotype,  Loss  of  RASSf]  in  MSS  FI4' 
mouse  embryonic  fibroblasts  render  the  cells 
more  sensitive  to  the  antimlcroatbuk  agent 
nocodazole4nduoed  dqpolymetimbft  of  micro- 
tubules  and  alters  micromhtde  stability*  which 
in  turn,  may  affect  spindle  assembly  and  chro¬ 
mosome  attachment  involved  in  mechanisms  of 
protecting  cells  from  genomic  instability  and 
transformation  in  response  m  the  card  oogenic 
stimulus  {mi,  A  larger  homozygous  deletion, 
approximately  370  tb,  in  the  mouse  synteme 
chromosome  comig  of  the  human  3p2i*3 
region,  has  recently  bean  reported  by  Smith  and 
colleagues  to  be  embryonic  lethal  in  mice  \mi 
At  the  beginning  of  their  work,  no  detailed 
information  on  rhe  mouse  sequence  was 
available.  Therefore  the  370  kb  deletion  wits  far 
too  large  for  a  critical  chromosome  region 
corresponding  to  the  overlapping  homozygous 
deletion  region  ai  the  3p 213  region  found  in 
human  lung  and  breast  cancers. 


V;  mpimmmey  1 1G  m  genomic  comig  on  the  mouse  chromosome  9R 
i  '*9*  ■  Cvwn  tr*  ;3  mouse  genes  (start  from  CACNA2D2  to  SEMA3B }  syntenic 
[  to  mow  idenffisd  in  human  3p2U  homozygous  deletion  region,  goth  the 
;  and  proiem-  access'  numbers  of  these  mouse  gents  am  indicated 
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Chromosome  engineering  technology  in  the 
mouse  has  demonstrated  the  potential  to  permit 
recapitulation  of  human  chromosomal  abnor¬ 
malities,,  even  in  situations  where  the  affected 
gene  h  unknown  [H51  The  chromosomal  abnor¬ 
malities  are  created  in  embryonic  stem  (E$)  cells 
by  gene  targeting  and  Cre-kxP  recombination, 
which  can  be  transmitted  through  the  germ  line. 
This  strategy  could  be  used  to  engineer  chromo¬ 
somes  somatically  that  is,  in  a  tissue-  or  cell- 
type-specific  manner  without  the  strong  positive 
selection  schemes  that  art  used  in  cell  culture. 
Tissue-specific  deletions  also  enable  recessive 
genetics  to  be  employed  so  mad  call  y,  for 
instance,  to  induce  LGH  to  model  genetic 
changes  in  human  cancers  or  to  conduct  screens 
for  novel  rumor  suppressor  genes  in  combina¬ 
tion  with  mutagenesis  strategies.  Somatically 
Induced  deletions  may  avoid  the  developmental 
problems  associated  with  larger  germlme  dele¬ 
tions  and  consequently,  a  larger  chromosomal 
region  can  be  studied  in  a  single  animal  [i  !4~j  taj. 
These  chromosome  engineering  technologies 
are  best  used  in  strategies  for  studying  the  role  of 
novel  3p21.3  TSGs  that  are  profoundly  affected 
by  the  chromosome  instability  in  cancer  patho- 
genesis,  We  are  now  using  a  rapid  strategy  with 
combined  technology  of  the  ks*P-3p2L3 
chromosome  engineering  and  tissue-specific  Crt 
expression  tfmm  to  conditionally  knock  out  a 
smaller  (approximately  110  kb)  genomic  DMA 
contig  at  mouse  chromosome  9F 1  region,  which 
mapped  at  chromosome  9  flanking  a  genomic 
sequence  contig  commencing  from  about 
138360  k  at  the  CACNA2D2  locus  and  ending 
at  1 08470-  k  at  tire  SEMA3B  locus  to  confirm 
the  role  of  the  Sp2 1.3- encoded  proteins  as  a 
tumor  suppressor  region.  The  mouse  chromo¬ 
some  region  of  approximately  U0  kb  covers  13 
mouse  onhoiogues  of  human  3p2.1J  genes, 
including  the.  reported  potential  3p2L3  TSGs 
CACNMm,  imm  MSSFl,  FUSE  HYALh 
and  SEMA3B  Tigurr  2),  Similarly  murine  mod¬ 
els  with  conditional  ablation  of  individual 


3p2L3  TSGs  arc  also  now  under  development. 
The  development  of  these  murine  models  of 
human  cancer-carrying  chromosomal  and 
genetic  abnormalities  of  3p2T3  TSGs  would 
provide  insight  into  the  molecular  mechanisms 
of  3p2L3  TSGa  as  a  complex  genetic  trait  and 
thus  identify  the  multiple  genetic  variant  alleles 
involved  in  ike  development  of  human  cancers 
as  well  as  offer  valuable  tools  for  evaluating 
novel  cancer  preventing  and  therapeutic  agents 
and  strategies. 
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Current  translational  applications  with 

3p2L3T$Gs 

The  rapid  progress  fa  detecting  acquired 
abnormalities  of  ggttMpeciftc  epigenetic 
promoter  mefavbtfan  has  made  it  possible  ro  use 
these  detection  technologies  and  3p213  genes  as 
biomarkers'  for  the  early  prediction  and  diagnosis 
of  human  lung  cancel;  specially  in  conjunction 
with  analysis  of  smoking  history  immi  The 
bypcrmcthybuon  of  RASSFIA  promoter  is  one 
of  the  most  frequent  epigenetic  alterations  and 
significantly  correlates  tht  \ms  of  expression  and 
pathogenesis  fa  many  forms  of  human  cancers 
Unique  prolife  of  aberrant  RASSFIA 
methykifan  have  been  detected  in  various  types 
of  lung  tumors  at  different  pathological  stages 
. :  m  .  1 20 :  an  d  the  methylat fa  rv  -  m  ed kted  s  i  le nci  ng 
of  /vt53A7ri  has  been  reports!  m  significantly 
correlate  with  impaired  lung  cancer  patient  sur¬ 
vival  fa  : .  ,  poor  prognosis  and  advanced  minor 
stage  ...I:.';,  arid  with  earlier  recurrence  in  Stage  I 
and  II  NSCLC  patients  |u.fa  H  yperm  e  th  yb.fi  o  n 
of  the  RASSFIA  promoter  has  beoo  found  to  be 
significantly  associated  with  the  starting  age  of 
smoking  although  no  relationship  has  been 
found  between  RASSFIA  mcchyladon  and  other 
smoking  variables,  suggesting  that  RASSFIA 
promoter  methybtfan  may  be  an  independent 
prognostic  factor  in  NSCLC  md  a  useful  predic¬ 
tor  of  lung  cancer  risk,  among  smokers  starring  ar 
m  early  age  m+  fa  addition,  RASSFIA 
methyhtkm  fa  mmbmmm  with  1 K*m  mutation 
has  h mi  shown  to  have  m  adverse  synergistic 
effect  on  pukoft  survival  m  NSO.C*  p.*. 
Muller  and  colleague  have  mcmtly  used  a  high- 
througfaput  DNA  mechyiatiau.  assay  10 
svsrematieaily  aoalyxe  aberrant  m ethylation,  of 
several  independent  markers  in  the  serum  of 
breast,  cancer  patients  to  evaluate  their  prognostic 
significan.ce  {ml  They  found  that  methylated 
RASSFIA  and  AFC  were  independently  assod- 
seed  w  ith  poor  ourcooic  and  had  the  worst  prog¬ 
nosis  with  &  rd&rive  mk  of  death  of  5.7.  Due  to 
the  feqtiem.  occurrence  of  tumor-acquired  pro- 
motor  medsykrion  of  3p2L3  T$G$»  these  .results 
underscore  die  Importance  of  using  detailed 
analysis  of  3p2L3  TSG  rn ethylation  patterns  far 

early  detection,  molecular  staging  and  prognosis 
of  human  cancers. 

Multiple  3p2I3  genes  show  .different  degrees 
of  tumor-suppressing  activities  in  various  human 
ameers  both  in  mxm  and  In  predimeal  animal 
raodek  To  translate  there  findings-  to  clinic 
applications  far  maleoiki  cancer  therapy;  the 


author  recently  developed  a  smemk  treatment 
strategy  by  using  a  novel  Ft/Si-expre^mg 
pfemid  vector  complaced  with  dioleoykrimahyh 
ammonium  propanetchofereml  (DOTAPiChoi) 
liposome,  termed  fUSJ-nmopmlde,  far  treating 
Sung  ameer  and  lung  merastares  [s3Pi^l.  In  a  pre¬ 
din  leal  trail,  it  has  been  shown  fa  at  imrammoraj 
administration  of  Ft/SFn  anop&mcfe  to  subcuta¬ 
neous  N3CLC  H 1299  and.A549  tumor  xenograft- 
resulted  in  significant  inhibition  of  tumor  growth. 
Intravenous  injections  o{JFUSFnmopm:idm  into 
mice  bearing  experimental  A549  lung  metastasis 
demonstrated  a  significant  decrease  in  the  number 
of  metastatic  tumor  nodules.  Lung  tumor-bearing 
animals,  when  treated  with  FL/SF  nano  particles, 
demonstrate  prolonged  survival,  median  survival 
time  of  80  days,  compared  with  control  animals. 
These  results  demonstrate  the  potent  tumor  sup- 
pressi  vc  activity  of  the  FUS1  gene  and  the  FUS1 - 
nano  particle  as  a  promising  therapeutic  agent  far 
the  treatment  of  primary  and  disseminated 
human,  lung  cancer  $&nu  Based  on  these  studies, 
a  Phase  I  din  leal  trial  with  PUS /-mediated  molec¬ 
ular  therapy  by  systemic,  administration  of  FUSF 
nan  opart  ides  is  now  underway  in  Stage  IV  lung 
cancer  patients,  at  the  University  of  Texas  MD 
Anderson  Cancer  Center  fa  Houston,  USA. 

Conclusions 

The  most  frequent  and  early  chromosomal  and 
genomk  losses  and  genetic  aberrations  in  the  3p 
region  and  3p213  genes  are  widely  found  in 
many  types  of  human  cancer.  These  putative 
3p213  TSGs  are  shown  to  be  inactivated  in  pri¬ 
mary  tumors  more  frequently  by  alternative 
mechanisms  such  as  epigenetic  promoter  methyl- 
at  fan,  aberrant  gene  splicing  and  truncation,  defi¬ 
cient  translation  and  post  “translational 
modifications  of  gene  products,  rather  than  by 
somatic  mutations  observed  in  classic  TSGs  such 
m  p53  and  Rh.  3p2 1 .3  genes  engaged  in  diverse 
biological  activities  governing  many  key1  cellular 
signalling  and  regulatory  processes  associated 
with  cdl  difierenriarion,  proliferation  and  death. 
Many  3p2l.3  genes  demons  crate  tumor-  sup¬ 
pressing  activities  in  many  human  cancers  in  vitro 
and  in  Pim*  sugaring  that  3p2L3  genes  fane- 
non  together  as  pan  of  a  rumor  suppressor  region 
fa  which  they  farmer  richer  to  promote 
tumor tgenesis  by  haploinsuffidency,  loss  of 
expression,  or  rarely,  mutations,  or  to  suppress 
tumor  growth  through  their  functional  aerivatfan 
of  tumor-suppressing  pathways.  These  findings 
of  3p21.3  TSGs  warrant  further  studies  of  the 
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moieeukf  mtdmfosms  involving  inactivation 
md  activation  of  3p2L3  TSGs  in  human 
mmorigenesh  md  itlnmkite  tr&mkt.ional  upplk 
cations  using  them  tt£  anticaneer  mdecukr  thera¬ 
peutic  agents  and  targets* 

future  perspective 

Reamt  progre®  in  evaluating  correlations  of  the 
imeuvation  of  3p2L5  TSGs  wkh  pathogenesis  of 
various  primary  human  cancers,  in  diaractermng 
biological  tun aio ns  and  exploring  molecular 
mechanisms  of  these  novel  3p21.3  TSG  involved 
in  tumor  suppressing  and  other  important 
biological  processes  provide  us  with  a  framework 
to  form  ftmtegks  for  future  translation  of  these 
mirkg  findings  into  cancer  prediction, 
diagnosis,  prognosm  prevention  and  therapy, 
Ffeqyem  tumor-acquired  promoter 
hype rmc thy ktien  in  3p2L3  genes  offers  a  new 
alternative  and  important  mechanism  for 
inaaiming  TSGs*  Id  addition,  multiple  growth- 
related  genes  such  as  RARfk  p!6  and  FHIT  arc 
methylated  in  individual  cancers  112ft  The 
meat  and  patterns  of  methyl  aria  n  appears  to 
with  ags  im-mi  and  vary  with  smoking 
history  liw.XKtm*  As  such,  k  will  be  interring 
to  test  if  these  3p21 ,3  gene  methyktions  occur  as 
pan  of  the  aging  process  in  order  to  systemati¬ 
cally  mvtsdgatu  3p2 1 ,3  TSGs  and  other  methyls- 
non  marker  genes  in  smoking  damaged 
cpEchdimn.  This  will  aid  in  dhmmmiig  the 
nature  of  die  tumor-acquired  mabyhtifm  in  car- 
dnqgpneais  and  in  evaluating  iht  use  of  the  pro* 
motet  medtylariou  as  an  intermediate  marker  of 
early  cancer  diagnosis,  risk  assessment,  and 
response  to  chemoprcvendon .  The  reversal  of 
tumor -acquired  epigenetic  silencing  of  3p2L3 
TSGs  bv  demcrhylation  agents,  such  as  AZA, 
may  offer  a  rational  treatment  strategy  for  can- 
cos,  The  silencing  of  gzneb  by  epigenetic 
mechanisms  involve  both  DMA  and  histone 
modifications  and  are  almost  universally 
associated  wkh  histone  deacayhtion,  which  is 
tmalyrcd  by  histone  dcaeetylases  IHDAQ}  \WU 
An  increased  density  of  RtSSFlA  promoter 
foediybiiofi  has  been  shown  to  be  Mocmtd 
mth  altered  chromatin,  marked  by  a  depletion  of 
acetykted  histones  and  methylated,  histone  lysine 
resides  \\x-  Therefore,  a  combination  treatment 
with  DNA  mefo>4miisfe:mse  and  HDAC 
inhibitors  or  interference  RNAs  may  offer  a 
potential  epigenetic  therapy  .strategy. 

Since  the  genomic  and  genetic  abnormal  ides 
fo  the  3p  region  occur  in  the  earliest:  stage  of 
omm  development,  thi$  pmvitfes  an 


opportunity  to  me  3p213  genes  as  biomarkm 
for  early  cancer  detection,  screening  md 
chemoprcvmtion,  For  o&mpk*  the  3p21.3 
101 F6  has  been  recently  identified  as  a  member 
of  rite  cyt-b%\  protein  family  which  h  involved 
in  the  regeneration  and  maintenance  of  vitamin 
C,  a  well  known  antioxidant.  Restoration  of  the 
defect  101F6  gene  by  wt -101F6  transfer  or  sup¬ 
plement  of  functional  101F6  protein  or  peptides 
in  high-risk  patients  with  potential  3p2L3  defi¬ 
ciency  may  offer  a  useful  molecular  cancer 
prevention  strategy 

The  potent  rumor  suppressing  acuvicks* 
multifunctional  charaaerisd.cs,  and  direa 
protein-protein  interactions  with  many 
important  cellular  targets  demonstrated  in 
3p2L3  genes,  offer  great  opportunities  to 
develop  these  3p213  TSGs  as  gene  replacement 
the  ra  pen  tics  by  applying  them  individually  or 
together  and  by  combining  them  with  other 
TSGs  such  as  p53,  or  with  chemothmpcuiics 
such  u  protein  kinase  inhibitors,  microtubule- 
interfering  agents,  DNA-damaging  agents,  apop¬ 
tosis  modulator  and  inhibitors  of  angiogenesis 
and  telomerase,  to  systcmadodly  suppress  tumor 
growth  and  reverse  the  carcinogenic  effects  of 
3p21.3  TSG  defects.  Over  the  next  decade  it  is 
likely  char  more  effitienr  and  less  toxic  gene  deliv¬ 
ery  systems  will  emerge  and  that  3p21  TSGs  will 
be  prime  candidares  for  the  development  of  gene 
therapeutics  given  their  frequent  inactivation  in 
many  can  cm  early  in  the  process  of 
carcinogenesis.  The  information  of  3p21,3  TSGs 
will  be  applied  in  the  areas  of  early  detection,  risk 
assessment  and  evaluating  chemoprevenrion 
efforts,  particularly  through  detecting  methylated 
promoter  sequences  anti  low  of  gene  expression 
and  in.  the  therapeutic  areas,  either  systemic  gene 
therapy  or  through  die  systemic  admimatraiion 
of  small  molecules  that  mimic  the  effect  of  the 
tumor-suppressor  gene  products,  One  could  also 
speculate  that  increasing  knowledge  of  biological 
pathway’s  and  networks  of  the  3p2 1 3  TSGs  and 
functional  domains  of  the  gene  products  may 
lead  ro  the  development  of  pathways,  key 
regulatory  demons,  and  molecular  structure - 
targeted  ‘smart  drugs1  with  highly  selective 
mtiemo:?  activity 

ac  ft  no wte&Q&rmttis 

This  itriki?  is  mpp&md  by  the  Nupiwutl  Usr  htidmtt, 
the  Hstieml  Imtirurn  if  Health  (SPORE  PS0CA7O907; 
CA716J8J;  Btpmwm  sf  Drfenst  B.ESCT  (DAMDI7' 
$F!~mm  md  TARGET  (DAM D 17-02- 1-0706)  lung 
Cancer  Pwpxm$t 


www  ■ufuremeoone.oom 


87 


Gurmvcabn^rrmikm  of  3p  &  3p21  region  in  primary  mncen 

*  \om  and  gsmew  alteration  r,  chromosome  3p,  particularly  in  3o2 1 .3  region,  are  the  moil  frequent  and  the  earliest  genomic 


■iLmmmdrtm  fmm  m  a  wide  spectrum  of  human  cancers* 

fiance*  loss  of  hetero2ygos  :y  'LGH')  ,n  3p21 3.  region  occurs  m.  more  then  65%  of  MSCLC  and  B5%  of  SCLC  and  in  30-87%  : 

of  mm  cancers. 

tumor  suppressor  genes  in  the  3p213  region 

*  Nine  can&gate  tumor  suppressor  genes  iTSGs)  have  been  identified  in  an  approximately  *20  kb  3p21 3  overlapping  homozygous  j 

delMiem  region  found  in  lung  and  mm  cancers* 

*  Genomic  ahem^euc  can  be  found  i n  smoke  damaged  respiratory  epithelium  and  occurs  in  preneopiastic  lesions,  suggesting  one 
or  mm  3 p2l  .3  genes  function  as  'gate-keepers'  m  pathogenesis  of  human  cancers* 

mf..$p2 1 3  TSGs  in  humm  mmm 

*  Gx? ;  3  TSGs  arc  omly  inactivated  in  human  primary  cancers  by  somatfC  mutations  but  frequently  silenced  by  alternative 
-ermmm  sue:  as  epigenetic  pmtmxm  msshyiatiori  of  genes  and  inactivated  by  loss  of  expression  of  gene  and  gene 
products  O' r  defies  cy  of  post  -tea  nsist  sonai  modlf (cat!  ons . 

Turner  suppremkm  -activities  of  3p2 1  *  3  genes 

*  a, i  v  tiH  o*  Jpl i  :  gtrses a#ect  and  regulate  many  important  biological  processes  such  as  ceil  dlffemntiatlon,  proliferatioa  ceil 
iycie  1  ’*ucs,  signaling  mmiuttkm,  ion  exchange  and  transportation,  apoptosis  and  cell  death, 

*  Mi.il:  pie  :-.;G t  3  genes  inhibit  various  degrees  of  tumor  suppression  activity  m  vitro  and  in  vivo  by  inhibition  of  tumor  cell  growth,  i 

••v  ■  ■  : :  i^ptosn;  and  ateration  of  cels  cycle  kinetics,  suggesting  that  3p21 3  genes  may  function  as  an  integrated  tumor 

suppresses i  region  through  their  diverse  biological  activities, 

3 i * $»■■  i3fget&$  mouse  mode!  for  human  cancer 

*  1  h#  mouse  autaiogs  of  3p2t  3  TSGs  have  been  identified  and  located  at  mouse  chromosome  9F 1  *2  region.  These  mouse  genes,  j 
*.<*?  thmr  hum^v  cour  terpans,  a.e  dusiered  in  an  approximately  200  kb  region  ,n  9F  with  an  sxtrennety  high  density, 

*  -  rvr- .3:  mouse  mutants  of  3p2 1 .3  gene  deficiency  have  been  shown  to  lead  10  pathogeneses  of  severe  disease  and  to  embryonic  | 
•■• : -  .-  :  .•  the  underline  mutations  for  :ne  mouse  ducky  mutant,  a  model  for  absence  epilepsy*  have  been  mapped  to  the  3p2i,3  j 
CGC  NA2Q2  gent  m  mouse  chromosome  9f;  loss  of  RAS5F1A  in  RASSF1M  embryonic  fibroblasts  renders  these  cells  more 
sensitive  to  me  carcinogen1 -induced  mouse  genomic  instability  and  transformation;  and  the  deletion  of  a  370  kb  synteruc 
■Jromj-mme  .ontig  of  the  human  3p2 1 ,3  region  in  mouse  chromosome  9  is  embryonic  lethal 

-  G:  uve  •  •.  .  w  1!  conditional;  ablation  0?  synterck  3p21 3  region  or  individual  3p2 1 .3  genes  in  a  specific  tissue  or  organ  she  I 

woyid  oft -ir  v*':  suable  tools  for  elucidating  molecular  mechanisms  of  3p21 3  TSGs  in  the  development  of  human  mnem  and  for  I 
evaluating  novel  cancer  preventing  and  therapeutic  agents  and  strategies* 

Cc?.<mi  mmf&tionai  applications  with  3$%$M  f$€$ 

*  The  by  perm  ethylation  of  RASSFiA  promoter  is  one  of  the  most  frequent  epigenetic  alterations  and  significantly  correlates 
oaf  ouemessS  m  many  forms  of  human  cancers.  Systematical  efsgjysisof  RA5SF 1A  promoter  methytatlon  patterns  has  been 
app  «d  ?or  molecular  staging  and  prognosis  of  human  cancers. 

|  *  a  Cri.^e  1  cimka,  u?al  with  the  novel  FUS1  -mediated  molecular  therapy  by  a  systemic  administration  of  RJSt -expressing  plasmid  | 
n- ' .  r  compiled  with  DGTAP/Cnotestero.  nanoparpdes  is  now  underway  in  Stage  IV  lung  cancer  patients  at  MD  Anderson 

\  Carter  Cent m,  HmAtoa  Tsgicas,  USA. 
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Abstract  !  o  identify  the  molecular  changes  that  occur  in 
ion-small  cell  lung  carcinoma  (NSCLC),  we  compared 
the  gene  expression  profile  of  the  NC1-H292  (H292) 
NSCLC  cell  line  with  that  of  normal  human  trachea- 
nronchseJ  epithelial  (NHTBE)  cells.  The  NHTBE  cells 
sere  grown  m  a  three-dimensional  organotypic  culture 
\vstem  that  permits  maintenance  of  the  norma!  pseud- 
.sirudfied  mucociliary  phenotype  characteristic  of  faron- 
•hidl  epithelium  in  vivo.  Mieroarray  analysis  using  the 
Miymctrix  oligonucleotide  chip  U95Av2  revealed  that 
genes  showed  a  >  1,5-fold  change  in  expression  in 
lie  H292  cell  line  relative  to  the  NHTBE  cells.  Specifi¬ 
cally.  4)8  genes  were  down  regulated  and  1,265  were  up- 
egulatcd  m  die  H2‘»2  cells.  The  expression  data  for 
'■elected  genes  were  validated  in  several  different  NSCLC 
ell  .tiio  using  quantitative  real-time  PCR  and  Western 
analyst*.  Further  analysts  of  the  differentially  expressed 
iicawd  that  WNT  responses,  apoptosis,  cell  cycle 
•  egulauon  and  cell  proliferation  were  significantly  altered 
i  i  fie  H292  ceil>.  Functional  analysis  using  fluoreseence- 
ictivated  cell  soi  img  confirmed  concurrent  changcsin  the 
activity  of  these  pathways  in  the  H292  line.  These  findings 
h.  >v-  that  i : )  NSCLC  cells  display  deregulation  of  site 


Commurs  tested  by  G  Georgiev 


l  Ju  M  Kapoor  •  A.  Romaswanty 

Seviitui  i ■!  liiiim  Gatetks  and  Microarray  Core  Facility, 

'c..  :  mvernty  of  Texas  M.  D  Anderson  Cancer  Center. 

H  vusjon,  TX.  77030,  USA 

L  C  Strong 

-  ■ 1  - 1  ■  linen!  ■  Molecular  Genetics.  The  University  of  Texas  M  D 
Vodcrson  Cancer  Center.  Houston,  TX,  77030,  USA 

K  Nwwa  K.  Cheon  R.  Loan  J-  S.  Km  $g) 
icparscsam  of  Ttonuac  Head  and  Neck  Medical  Osteology. 

■  he  University  of  fexus  Vi  15.  Anderson  Cancer  Center, 
Houston.  TX,  77030,  USA 
ir-mail  jskocta' mdanderton.org 
Pit:  ~  1-713-7945497 

Z  Ju 

Mowcob:  itioscusiwes  Research  Group.  Department  of  Chemistry 
««d  Rwchcmistry,  Texas  State  University,  San  Marcos. 

TX.  78*66.  USA 


WNT,  apoptosis,  proliferation  and  celt  cycle  pathways,  as 
has  been  found  in  many  other  types  of  cancer  cells,  and  (2) 
that  organoiypicallv  cultured  NHTBEcells  can  be  used  as 
a  reference  to  identify  genes  and  pathways  that  are  dif¬ 
ferentially  expressed  in  tumor  cells  derived  from  bron¬ 
chogenic  epithelium. 

Keywords  Microarray  analysis  •  Gene  expression 
profile  •  Biological  pathways  ■  Normal  human 
tracheobronchial  epithelium  (NHTBE)  *  Noasmall  cel! 
lung  cancer  (NSCLC) 


introduction 

Lung  cancer  remains  a  leading  cause  of  cancer  death, 
with  an  overall  10-year  survival  rate  as  low  as  8-10% 
(Fry  et  al  1990),  It  was  estimated  that  more  than 
170,000  new  cases  of  lung  cancer  would  appear  in  the 
United  States  in  2003  and  that  about  150,000  individuals 
would  die  of  the  disease  (Jemal  et  al.  2003).  Lung  cancer 
occurs  in  two  major  subtypes— nonsmall  cell  lung  car¬ 
cinoma  (NSCLC)  and  small  cell  lung  carcinoma. 
NSCLC  accounts  for  approximately  80%  of  all  cases, 
and  is  further  classified  as  adenocarcinoma,  squamous 
cell  carcinoma  or  large  cell  carcinoma,  based  on  cell 
morphology.  It  is  widely  accepted  that  the  progenitor 
cell  of  adenocarcinoma  and  squamous  cell  carcinoma  is 
the  epithelial  cell  of  the  lung.  Squamous  cell  carcinoma 
originates  mainly  from  genetically  altered  surface  epi¬ 
thelial  cells  in  the  conducting  airways,  while  adenocar¬ 
cinoma  arises  from  alveolar  type  11  epithelial  cells  in  the 
lung  itself,  A  better  understanding  of  the  etiology  and 
pathogenesis  of  epithelial  cancers  should  facilitate  the 
identification  of  novel  and  belter  targets  for  the  treat¬ 
ment  and  prevention  of  NSCLC. 

The  recent  development  of  cDNA  and  oligonucleo¬ 
tide  microarray  analysis  enables  us  to  comprehensively 
analyze  gene  expression  profiles  in  NSCLC  cells  and 
classify  lung  cancers  at  the  molecular  level  (for  recent 
reviews,  see  Petty  et  al,  2004;  Whitsett  et  a!.  2004  and 
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eterenees  therein).  However,  the  use  of  epithelial  tissue 
.  oni  sties  adjacent  to  tumors  as  the  normal  control  in 
>wds  studies  has  drawn  criticism  (Eraakhuts  et  al.  '2004), 
.s  Shis  tissue  often  includes  histologically  normal  but 
genetically  abnormal  ceils  (Braakhuiset  al,  2003).  In  the 
present  study  we  have  used  primary  organotypically 
cultured  normal  human  tracheobronchial  epithelial 
(NHT8H)  cell-,  as  our  control.  We  previously  demon¬ 
strated  that  primary  TBE  cells  adopt  the  mucociliary 
hi  h,f  organization  fotmd  in  vivo  when  grown  and 
maintained  in  a  retinoid-sufflciem  bronchial  epithelial 
cell  growth  medium  (BEGM)  using  a  three-dimensional 
organotypic  air  liquid  interface  CALI)  culture  method. 
We  have  already  demonstrated  the  utility  of  this  system 
for  studying  the  physiology  of  airway  epithelium  (Koo 
i.l  aJ.  1999a,  h  j.  Given  that  lung,  cancers  originate  from 
epithelial  cells  and  that  NSCLC  cell  lines  represent 
mixed  histotypes,  we  chose  the  human  mucoepidermoid 
pulmonary  carcinoma  line  NO-H292  (H292)  as  the 
counterpart  of  normal  bronchia!  epithelial  cells  to 
identify  differentially  expressed  genes.  The  H292  cells 
-lain  epithelial  morphology  in  culture,  and  are  defined 
us  4  raucin-prod ucing  NSCLC  cell  line  because  they 
stain  positive  for  nincicarmine  (mucous  differentiation). 
They  also  Main  positively  for  keratin  and  vimemin. 
which  are  indicative  of  squamous  differentiation.  The 
ells  have  been  widely  used  as  surrogate  epithelial  cells 
for  studying  the  regulation  of  MtICSAC,  a  marker  for 
mucin  gene'  expression  in  the  mucous  goblet  cell  of  the 
bronchial  surface  epithelium  (Takeyama  et  al.  1999; 
Koo  el  at  2002;  Lemjabbar  and  Basbaum  2002). 

We  used  RNAs  isolated  from  fully  differentiated 
vHTBrtE  cells  and  from  the  H292  NSCLC  cell  line  to 
identity  expressed  genes  by  oligonucleotide  microarray 
analysis  on  AlTymctrix  chips  The  results  revealed  that 
1.683  gents  were  differentially  expressed  (U„  showed  a 
'•u.M  chut  igc  in  transcription  level).  Analysis  of  the 
differentially  expressed  genes  revealed  concurrent  altera* 
i*>ns  in  several  biological  pathways,  including  WNT and 
apoptosis  pathways,  cell  cycle  regulation  and  cell  prolif¬ 
eration.  ;n  the  H  l*.'.  cell  hue.  The  differentia!  expression  of 
selected  genes  was  further  verified  by  real-time  PCR  and 
a  vsietii  analysis  in  several  other  NSCLC  cell  lines.  The 
NHTBE  cells  promise  to  be  a  useful  control  for  the  study 
of  lung  epithelial  carcinogenesis.  This  study  describes 
alterations  in  biological  networks  associated  with 
NSCLC  caici n.i. .genesis,  and  provides  a  valuable  resource 
lor  use  identification  and  characterization  of  diagnostic 
markers  inti  targets  for  lung  cancer  prevention  and 
therapeutics 


Materials  and  methods 

iTtree-dimesrional  organotypic  AL!  culture 

of  NHTBE  cells 

Passage  1  NHTBE  cells  (Clonetics,  San  Diego,  CA, 
!  SA)  were  subcultured  once  and  then  stored  in  liquid 


nitrogen.  The  stored  cells  were  used  for  further  cultures 
as  described  previously  (Koo  et  al.  1999a,  b).  Briefly, 
1x10s  passage-2  NHTBE  cells  were  seeded  onto  24-mm 
permeable  membranes  (Trans weil-Clear  culture  inserts; 
Coming,  Acton,  MA,  USA)  in  a  1:1  mixture  of  BEGM 
(Qonetics)  and  Dulbecco’s  Modified  Eagle’s  Medium 
(DMEM)  supplemented  with  insulin  (5  pg/tnl),  hydro¬ 
cortisone  (0.072  pg/ml),  epidermal  growth  factor 
(0,5  ng/ml),  T>,  (10~8M),  transferrin  (10  pg/ml),  epi¬ 
nephrine  (0.6  pg/ml),  bovine  pituitary  extract  (0.8%), 
BSA  (0.5  mg/ ml),  gentamicin  (50  pg/ml)  and  retinoic 
arid  (5  xlO  M).  The  cultures  were  kept  submerged  for 
the  first  7  days,  and  the  medium  was  removed  from  the 
apical  compartment  to  provide  the  air-liquid  interface 
(ALL)  on  day  7  or  8  when  the  cultures  were  confluent, 
Culture  was  continued  under  these  conditions  for  a 
further  21  days  (changing  the  medium  daily)  to  generate 
fully  differentiated  mucociliary  bronchial  epithelial  cells. 


Culture  of  NSCLC  cel!  lines 

The  NSCLC  cell  lines  NCI-H226  (H226),  H292.  NCl- 
HS20  (H520).  NCI-H 1 563  (HI  536),  NC1-H1703 

(HI 703),  NCI-H  1734  (H1734),  NC1-H1975  (H1975), 
NCJ-H2228  (H222S),  NCI-H 2 170  (H2I70),  and  A549 
were  purchased  from  the  American  Type  Culture  Col¬ 
lection  (Manassas.  VA,  USA).  All  of  the  cell  lines  were 
maintained  in  RPM1  1640  medium  (Gibco  BRL,  Life 
Technologies,  Grand  Island,  NY,  USA)  supplemented 
with  10%  fetal  bovine  serum  (Hydone.  Logan,  Utah), 
penicillin  (100  U/ml),  and  streptomycin  (100  mg/ml)  on 
treated,  nonpyrogettic,  polystyrene  tissue  culture  dishes 
at  37°C  and  a  pH  of7.0~7.2  in  a  humidified  atmosphere 
(95%  air/5%  CO;).  Total  RNA  for  microarrav  analysis 
and  real-time  PCR,  and  whole-cell  lysates  for  Western 
analysis,  were  prepared  from  the  cultured  cells  3  days 
after  the  monolayers  had  become  confluent. 


Histology 

For  histological  analysis,  NHTBE  and  H292  cells  were 
grown  on  porous  membrane  inserts  (Transwell-Ciear 
plates)  in  their  optimal  media  f BEGM :D MEM  mixture 
and  RPMJ  with  10%  FBS,  respectively;  see  above)  for 
28  and  10  days,  respectively.  The  detailed  method  was 
described  previously  (Gray  et  al.  1996;  K.00  et  al. 
1999b).  The  cultures  were  fixed  in  10%  neutral  buffered 
formalin,  embedded  in  paraffin,  sectioned,  and  stained 
with  hematoxy  li  n  -eosin  (HE).  The  sections  were  then 
examined  under  the  microscope  and  photographed. 


RNA  and  oligonucleotide  microarray  preparation 

Total  RNA  was  extracted  from  cells  using  the  RNcasy 
Kit  (Qiagen,  Valencia.  CA,  USA)  according  to  the 
manufacturer’s  protocol.  The  Affymetrix  (Santa  Clara. 
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A,  USA)  GeneChip  U95Av2  was  employed  for 
nicraarray  hybridizations.  This  GeneChip  carries 
i  2,626  human  genes.  Each  gene  is  represented  by  1 1  —20 
different  25mers  referred  to  as  perfect  match  (PM)  oli¬ 
gonucleotides,  and  each  PM  oligonucleotide  is  paired 
with  a  mismatch  (MM)  oligonucleotide  having  a  1-base 
Tusmatcb  at  the  thirteenth  base.  Each  of  the  11-20  PM- 
MM  pairs  representing  a  gene  is  termed  a  ‘probe  set'. 
Thus,  the  U95AO  chip  contains  12,626  probe  sets.  The 
■ligonucleotides  are  directly  synthesized  on  a  silicon 
chip  using  a  combination  of  photolithography  and 
combinatorial  chemistry. 

For  microarray  hybridization,  we  followed  the  pro- 
'.ocol  described  in  ibe  Asymetrix  manual  to  synthesize 
.h-uble-smmded  cDNA  from  mRNA  and  then  used  this 
■  ON A  to  synthesize  complementary  RNA  (cRNA).  The 
•RNA  was  labeled  and  vised  for  hybridization  with  the 
•  font  hips.  Briefly.  5  pg  of  total  RNA  was  converted 
r,n>  first-strand!  cDNA  by  reverse  transcription  (RT)  in 
i  20-pi  reaction  containing  200  U  of  Superscript  I ! 
’Jnvnrogen,  Carlsbad.  CA,  USA)  and  100  pmol  of  T7- 
tdT)j.4  primer  [5'-GGCCAGTGAATTGT  AA¬ 

AI  t. M„  ACT  AT  AGGGAGGCGG-(dT)24-3y 
iGeseSei,  ban.  Diego,  CA,  USA),  The  reaction  was 
incubated  at  42°C  for  1  h.  The  second  strand  of  the 
cDNA  was  synthesized  at  1 6*C  for  2  h  in  the  presence  of 
ON  A  polymerase  1  (40  U),  DNA  tips*  (10  U).  RNase 
H  (2  U).  and  lx  second  strand  buffer  (Invitrogen).  The 
double-stranded  cDNA  was  then  blunt-ei&d  using 
*0  U  of  T4  DNA  polymerase,  purified  by  extraction 
•nth  phenol/chlorofona,  and  transcribed  into  eRNA  in 
'he  presence  of  biotin-labeled  ribonucleotides  using  the 
Rio  Array  High  Yield  RNA  Transcript  Labeling  Kit 
i.Aifymeuix)  .is  described  by  the  manufacturer.  This 
owtin -labeled  cRNA  was  purified  using  the  Qiagen 
RNessy  Kit,  quantified,  and  fragmented  by  incubation 
at  94*0  for  3S  nun  in  the  presence  of  !  (fragmentation 
duller  (40  mM  TRIS-acetate  (pH  8.0),.  100  mM  potas- 
:usi  acetate,  and  36  mM  magnesium  acetate].  The 
fragmentad  cRNA  was  then  used  for  hybridization  to 
the  U95Av2  chip  at  42°C  for  16  h.  The  chips  were  wa- 
slvid  and  stained  using  Asymetrix  GeneChip  Fluidic, 
and  scanned  and  visualized  using  a  Gene  Array  Scanner 
( H  ew  Jett -Pacrkard .  Palo  Alto,  CA,  USA). 

To  maintain  experimental  consistency,  approximately 
equal  numbers  of  cells  were  collected  at  similar  stages, 
md  the  same  group  of  researchers  performed  the  RNA 
solution  and  mtcroarray  hybridization  in  a  repeat 
experiment 


Data  eolfcution  and  bioinformatic  analysis 

rite  microarray  hybridization  data  were  collected  using 
the  AfTyjaeirix  Microarray  Suite  5.0  software  (MAS 
.1,0)  After  collection,  the  data  were  exported  to  the 
Asymetrix  Micro DB  for  further  analysis  using  the  Af~ 
fynjetrix  Data  Mining  Tool  3.0  (DMT).  The  signal- 
miensity  date  extracted  with  the  DMT  were  statistically 


analyzed  using  S-pius  2000  software  (Mathsofl,  Cam¬ 
bridge.  MA,  USA)  to  obtain  correlation  coefficients  and 
scatter  plots  for  evaluation  of  the  reproducibility  and 
quality  of  the  array  analysis.  The  qualified  data  sets  were 
then  analyzed  using  DNA-Chip  Analyzer  software 
{dChip)  (Li  and  Wong  2001).  Briefly,  the  array  data  sets 
were  first  normalized  using  a  default  baseline  array;  the 
PM-MM  mode!  was  then  employed  to  calculate  the 
expression  values.  To  identify  the  differentially  expressed 
genes  using  dChip.  we  set  100  as  the  average  signal- 
inlensity  difference  to  avoid  the  effects  of  unreliable  low 
intensity,  and  used  the  lower  confidence  bound  of  fold 
change  (LBFC;  90%)  as  the  conservative  relative  change 
(1.5x).  The  differentially  expressed  genes  were  then 
subjected  to  clustering,  categorical,  and  pathway- 
analysis  using  dChip  and  public  databases  such  as 
PubMed  (http://www.ncbi.nlmjaih.gov/entrest/query. 
fcgi?db  =  PubMed),  EASEonline  (http;//david.ni- 
aid.nih.gov/david/uploadl.asp)  and  the  Kyoto  Ency¬ 
clopedia  of  Genes  and  Genomes  (KEGG,  http:// 
www.gwome.adjp/k8gg/}.  Details  of  the  genes  (and 
gene  products)  specifically  considered  in  this  present 
work  arc  listed  in  the  Tables. 


Quantitative  real-time  PCR  (qRT-FCR) 

We  used  qRT-PCR  to  validate  15  of  the  differentially 
expressed  genes  identified  via  microarray  analysis.  The 
primer  pairs  used  are  listed  in  Table  1.  PCR  was  per¬ 
formed  in  2  5- pi  volumes  in  an  iCycler  (Bio- Rad,  Her¬ 
cules,  CA,  USA)  using  SYBR  Green  PCR  Core 
Reagents  (Applied  Biosystems),  The  reaction  contained 
0.2-m.M  primers  (Invitrogen),  3-mM  MgCii,  and  3  pi  of 
the  RT  mix.  The  housekeeping  gene  glyceraidehyde-3- 
phosphate  dehydrogenase  (GAPDH)  was  chosen  as  the 
reference.  Each  sample  was  duplicated  in  each  run.  and 
the  experiment  was  repeated  four  times.  The  reactions 
for  tested  genes  and  GAPDH  were  set  up  in  separate 
wells  of  the  same  96- well  plate,  and  a  prerun  using  a  well 
factor  solution  (Bio-Rad)  to  subtract  the  background 
was  carried  out,  followed  by  an  initial  denatu ration  step 
at  95°C  for  10  min.  PCR  was  performed  for  40  cycles  of 
denaturaiion  at  95‘C  for  20  s,  and  elongation  at  60°C 
for  60  s.  Because  GAPDH  was  consistently  expressed  at 
a  moderate  level  in  the  microarray  experiment,  each 
PCR  result  was  normalized  against  the  value  for  GAP¬ 
DH. 


Western  analysts 

Western  analysis  used  to  confirm  that  differential  gene 
expression  was  reflected  at  the  translation  level.  Anti¬ 
bodies  raised  against  beta-catenin  (E-5,  1 : 500).  CDK1 
(B-6.  1:1000),  CCNB1  (GNS-1,  1:1000).  GAS6  (D-iS, 
1:1000),  AKT  (C-2G,  1:1000),  API  (1AP-1,  1:1000),  and 
BCL2  (C-2,  1:1000)  were  purchased  from  Santa  Cruz 
Biotechnology  (Santa  Cruz,  CA,  USA).  An  anti-ji-actm 
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HMt  f  Primer  ]>airs  a«sd  for 
ijRT-PCR 


Target  gene  Sequence  (f™3') 


AATF 

ART 

AP15 

AXL 

BCLX 

CDKI 

CYC'S 

GAS6 

IGFBP4 

KRT6E 

L0H11CR2A 

MYC 

SFRP1 

TF 

TP53 


TCAGCCTGTCCCAGAGAGTT  and  CGAAGGAGCTGGTGGTAAAA  (AATF) 
CAC ACCACCT G ACC AAG ATG  nod  CTGGCCOAGTAGGAGAACTG-V 
AC  A GGCCG AC CT AGA ACAGA  and  AGGGAGAACCTGCTCACAGA 
c.Ai  GGGTCTG1 GTOCAATCT  and  ACGAt J A AGGCAGGAGTTCAA 
GGAGCT GGTGG TTGACTTTC  a  nd  CTCCGA TTC ACT CCCTTCTG 
CTTT  TCC  A  TOG  GO  ATT  GAGA  and  AGGCTTCCTGGTTTCCATTT 
IGGGGAAA  ITGCrrCACTGT  and  CTTC  AACCCTTGCCTTT  A  A  G  A 
GGACCTCGTGCAGCCTATAA  and  CCTGGATGGTGGTGTCTTCT 
t; A tCATCGTCCTrCCTCrCA  sad  GTCTGGACCiCGT GACCATT 
CAiTGGAGGTGGCTTCAGTT  dad  GAGGAGGAGGTGGTGGTGTA 
A ACCCA AGCCTG ATG TCA AC  and  ACTTGCTGGAGTCTCCCTGA 
GCCAAAAGGTCAGAGTCTGG  and  GTGCATTTTCGGTTGTTGC 
GCTCCAGTTTGCATTTGGAT  and  ACCTGAGCCTCXTGCATCTA 
C.C  rG A  rCCATGGGCTAAGAA  and  CCTCCACAGGTTTCCTGGTA 
TTTGGGTCTTTGAACCCTTG  and  CCACA  AC  A  A  A  ACACCA  GTG  C 


antibody  (AC-15  1:5,000)  was  purchased  from  Sigma 
(Sl  Louis,  MO.  USA)  and  used  as  an  internal  control. 
Whole-cell  extracts  were  obtained  by  lysing  cells  with 
ml  of  lysis  buffer  JJ20%  glycerol.  4%  SDS,  and  0.3% 
•lorodiphenyiirichloroethane  in  20  nM  TRIS-HC1 
•PH  6.8  )i  VV«U,  The  cell  lysate  was  quantified,  and  a 

•  of  30  ul  of  the  lysate  was  elccirophoresed  on  SDS- 
polyacrylamide  gds  (10%)  and  transferred  to  nitroed- 
membranes.  Membranes  were  blocked,  incubated 
-lih  primary  antibodies,  and  subsequently  incubated 
vuh  diluted  (1:2,000)  horseradish  peroxidase-conju- 
,ated  goat  antiiubbil  IgG  or  goat  antimouse  IgG 
(Bio-Radi.  Labeled  bands  were  detected  using  the 
SuperSigna!  West  Pico  Chemiluminescent  Substrate 
Pierce:  Rockford,  01.)  and  exposed  to  Hyper  MP 
autoradiography  film  (Amersham.  Little  ChaifonL 
'ducks  .  I  K.)  or  Kodak  Scientific  Image  Film  (Eastman 
fvodsk.  Rochester.  NY,  USA).  p-Actin  was  used  as  an 
internal  control. 


Auoresarnee- activated  cel)  sorting  (FACS) 

>  ACS  was  used  to  monitor  the  cell  cycle,  apoptosis,  ceil 
proliferation,  and  the  mitochondrial  membrane  poten- 
asl.  For  ««  cycle  analysis,  cells  were  seeded  in  2  ml  of 
medium  at  a  density  of  ixiO5  cdtefweU  in  6-weil  plates. 
After  the  cells  had  reached  confluence,  the  attached  cells 
were  flushed  twice  with  lx  phosphate- buffered  saline 
•PBS!  trypstoized.  washed,  and  resuspended  in  IxPBS. 

For  cell  cycle  analysis,  a  2-tnl  aliquot  of  cel!  suspen- 
Mon  {approximately  10'  cells)  was  added  to  5  ml  of  95% 
ethanol  under  gentle  vortexing,  and  then  fixed  for  at 
*«ast  >0  min  at  room  temperature.  The  fixed  cells  were 
then  pelleted  by  centrifugation,  resuspended  in  I  ml  of 
'0  pg.  ml.)  propidium  iodide  (Pi;  Sigma)  and  100  pi  of 
ng  ml  RNase  (Roche.  Indianapolis.  lnd.)s  and  incu¬ 
bated  at  37*C  for  30  min  before  being  loaded  onto  a 
LACSean  ;BD  Uiascienees,  Franklin  Lakes,  NM,  USA). 

for  apoptosis  analysis,  the  cell  pellet  (~10®  cells) 
obtained  after  trypsinization  and  washing  was  resus¬ 
pended  and  stained  using  the  Annexin-V-FLUOS 
-oning  kit  (Roche)  as  described  in  the  manufacturer’s 


instructions,  Cells  that  had  not  been  stained  with  ann- 
cxin  were  used  as  the  controls. 

For  cell  proliferation  analysis,  cells  were  seeded  into 
6-weil  culture  plates  at  a  density  of  ixiO5  cel  Is/ well. 
Alter  the  cells  reached  the  exponential  growth  staae, 
bromodeoxyuridine  (BrdU)  was  added  directly  to  the 
medium  at  a  final  concentration  of  10  pM.  The  cells 
were  incubated  at  3?aC  for  60  min  and  stained  using  the 
Anti-BrdL’-FITC  KJt  (BE)  Biosciences)  following  the 
manufacturer's  instructions.  Cells  that  had  not  been 
exposed  to  anti-BrdU-FTTC  were  used  as  controls.  The 
absorbance  of  the  FITC  at  488  nm  was  measured  using 
a  FACScan  (BD  Biosciences). 

For  mitochondrial  membrane  potenual  analysis,  the 
mitochondria  i  membrane  potential  was  normalized  and 
measured  using  two-color  staining  with  MitoTracker 
Green  (MTGreen)  and  CMXRosamine  (CMXRos)  dyes 
(Molecular  Probes,  Eugene.  OR.  USA).  Confluent  cells 
were  harvested  and  resuspended  at  a  concentration  of 
10  cefls/tnl  in  prewarmed  cell  culture  medium.  A  1-ml 
aliquot  was  removed  to  a  1 5-ml  Falcon  tube  and  incu¬ 
bated  in  a  37&C  water  bath  for  at  least  5  min.  Next,  1  pi 
each  of  the  dye  stock  solutions  (200  pM  MTGreen  and 
200  pM  CMXRos)  was  added  to  the  cell  suspension  and 
mixed  well.  The  cell  suspension  was  incubated  at  37°C 
for  60  min  in  the  dark.  The  cells  were  then  washed  three 
times  using  1  ml  of  IxPBS,  and  the  cell  pellet  was 
resuspended  in  500  pi  of  medium.  Immediately  after 
staining,  flow  cytometry  was  performed  with  a  FAC¬ 
Scan  (BD  Biosciences)  using  an  excitation  wavelength  of 
488  ran,  We  measured  the  emissions  with  a  530-nm 
bandpass  filter  for  MTGreen  and  a  630- run  long-pass 
filter  for  CMXRos. 


Statistical  analysis 

The  qRT-PCR  and  FACS  data  were  subjected  to  sta¬ 
tistical  analysis.  The  qRT-PCR  experiment  was  repeated 
two  to  four  times  with  duplicates  of  each  sample.  In  each 
qRT-PCR,  a  GA.PDH  standard  curve  was  generated 
using  the  log-starting  quantity  of  a  serial  dilution  of  the 
RT  mix.  The  serial  dilution  factor  was  1/2"  (n  =  5);  each 


dilution  was  measured  in  duplicate.  Data  acquisition 
-uk!  standard  curve  generation  were  performed  using  an 
■Oder  TO  (Bio-Rad).  Transcript  levels  were  calculated 
from  the  dope  of  the  standard  curve  using  the  formula 
i  i  where  .v  is  the  log4(j  value  of  the  transcript- 

tariing  amount,  y  is  the  C,  value,  a  is  the  slope,  and  b  Is 
the  interception.  The  relative  change  was  obtained 
using  :he  ratio  of  Inverse  logia  values  of  ,v  between  the 
tumor  and  normal  edits.  Standard  errors  fSE)  were  ob¬ 
tained  for  the  fold  change  based  on  the  repealed  QRT- 
t’CR  experiments  using  statistical  functions  in  the  Excel 
software  program  (Microsoft,  Redmond,  WA,  USA). 

The  FACS  analysis  was  repealed  at  least  three  times. 

AC'  data  were  collected  using  a  FACScan  (BD  Bio- 
?a;icuccm  and  analyzed  using  the  WinMD!  software 
i version  2.X|  ihttp:  focs.scrtpps.edu Software. html)  and 
Excel  statistical  functions. 


rnmm 

Histological  analysis  of  NHTBE  and  H292  cells  grown 

in  AL1  culture 

Primary  or  early  passage  NHTBE  cells  were  cultured 
tinier  organotypic  AL1  conditions  in  defined  serum-free 
nediurn  supplemented  with  growth  factors  and  hormones 
as  described  previously  (Kioo  el  al.  1999a,  b).  The  mor¬ 
phological  pattern  of  differentiation  mimicked  that  of 


Pig.  i  a,  hi  Hwio logical  analysis  of  NHTBE  and  H292  cells  grows 
m  Al .4  miimzz-  &  N  HTBE  cells  grown  under  A  LI  conditions 
m  ih$  pnm of  retinoic  add  (5xlti  s  M)  for  2S  ton  fixed 
:-n  10%  iMsmral  bartered  formalin,  embedded  in  paraffin*  sectioned, 
■Mud  with  hematoxylin  .and  cosin.  For  the  detection  of 

nmcm&  iobki  cells.  Lhe  seai oa  was  also  stained  with  Aldan  Blue- 
imimiw  Add  Sohiif*  {xrrm\t)<  b  Histological  section  of  H292  cells 
imwn  ri  EFMIU>4Cf  supptaimed  with  10%  fetal  bovine  serum 
for  10  dtp  m  All  culture  were  prepared  and  srameci  with 
mi  eosin  as  described  above  for  NHTBE  cells 

l 


145 

pseudostratified  mucociliary  bronchial  epithelium  in  vivo, 
as  shown  in  Fig.  1.  Basal  cells  attached  to  the  basement 
membrane  and  a  significant  number  of  ciliated  cells  were 
clearly  visible  in  the  polarized  columnar  epithelium  that 
formed  in  the  culture  system.  Under  these  conditions,  the 
ability  of  these  cells  to  differentiate  into  mucous  and  cili¬ 
ated  cells  was  maintained.  The  use  of  AL1  cultures  for  the 
study  of  bronchial  epithelial  cell  biology  was  demon¬ 
strated  previously  (Gray  et  al.  1996;  Kolodziejski  et  al. 
2002;  K.00  et  al.  1999b;  Singer  et  al.  2004).  In  sharp 
contrast.  H292  NSCLC  cell  tines  cultured  under  similar 
conditions  generated  multiple  layers  of  cells  that  did  not 
display  any  obvious  basal-apical  polarity. 


Oligonucleotide  microarray  analysis 

To  elucidate  the  molecular  events  involved  in  lung  epi¬ 
thelial  carcinogenesis,  we  examined  global  gene  expres¬ 
sion  in  NHTBE  cells  and  the  H292  cell  line  using  the 
Asymetrix  oligonucleotide  chip  U9SAv2  as  described  in 
Materials  and  methods.  The  experiment  was  performed  in 
duplicate.  To  check  the  quality  of  the  experiment,  we 
genera  led  scatter  plots  and  calculated  correla  tion  coeffi¬ 
cients  between  replicates.  We  found  a  strong  correlation 
between  replicates  within  the  same  samples.  The  correla¬ 
tion  coefficient  was  0.97  for  NHTBE  replicates  (Fig.  2a) 
and  0.99  for  H292  replicates  (Fig.  2b).  and  the  linear 
relationship  in  the  x~y  plane  was  close  to  diagonal 
{Fig.  2a.  b).  indicating  that  the  replicates  within  the 
samples  were  highly  reproducible  and  consistent.  In 
contrast,  the  relationship  between  replicates  of  different 
samples  (Fig.  2c— f)  was  marked  by  a  high  degree  of  scatter 
and  was  not  linear.  Accordingly,  the  correlation  coeffi¬ 
cients  (0.79,  0.79, 0,85.  and  0.8$,  respectively)  were  much 
lower  than  those  for  within-satBple  comparisons,  indi¬ 
cating  that  the  nature  of  the  samples  had  a  greater  effect 
on  data  variation  than  handing  error.  Therefore,  we 
concluded  that  these  microarray  hybridizations  were 
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1%  -  j*“f  Scmer  pJoih  of  mkxoarrav  signal  intensity  to* 
&  Rcpii  I’C  !  NHTBE  plotted  against  each  otto,  b  IUpto£$^ 
Of  H2$2  m  Replicate  1  of  N'HTSE  versus  rcpUc&te  1  of  H2&1 
■i  N.eplLL  l  ■,•  :  )f  NHTBE  vw  replicas  2  of  H292*  e  Rqpfteuie  2 
■  •■'■  NH  i  HI  versus  replicate  f  of  B292  f  Replicas  2  NHTBE 
’&'* us  repUcute  2  of  H2#2,  r  is  ihe  correlation  cmM lebm 

^iccoisiui  and  lik&h  to  provide  reliable  data  for  further 
analysis 


analyzed,  nod  differentially  expressed  genes  were  iden¬ 
tified  using  dChip.  Out  of  12,625  genes  analyzed,  418 
were  down  regulated,  and  1,265  were  up  regulated  by  at 
least  L  5-fold  in  H292  cells  relative  to  the  NHTBE  cells. 
The  downregulated  genes  included  genes  related  to  the 
cytoskeleton  structure,  immunoglobulins,  inflammatory 
stress,  the  basement  membrane,  small  cytokines,  stress 
responses,  and  tumor  suppressors*  The  upregulafed 
genes  were  related  mainly  to  an  dap  o  ptosis,  the  cell 
cycle*  cell  growth,  extracellular  proteins,  heat  shock 
Differentially  expressed  genes  and  the  gene  expression  proteins,  nucleic  acid-binding  proteins,  transcription. 
Profile  and  translation.  These  differentially  expressed  genes 

provided  the  pool  for  further  genomic  analysis  on 
vnet  qualification  and  quantification  of  the  microarray  biological  pathways,  fatomarkers"  therapeutic  targets 
experiment,  gene  expression  in  the  two  cell  lines  was  (data  not  shown). 
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Elucidation  oS  riiologjea!  pathways 

!  •'  i-iucidate  the  biological  pathways  affected  in  the 
H292  -jells,  m  first  used  the  'Classify  Genes'  option  in 
Chip  to  separate  the  !  .683  differentially  expressed 
genes  into  ontology  groups.  Based  on  molecular  func¬ 
tions,  we  obtained  1,158  gene  ontology  groups 
approximately  1.5  unique  genes  per  group).  Dkre- 
.irdmg  the  more  general  group  categories  (such  as  cell 
receptor,  kinase,  inhibitor,  and  enzyme),  we  focused  on 
identification  of  the  groups  associated  with  particular 
1  unctions  and  pathways.  After  data  mining,  we  found 
bat  she  expression  of  genes  in  30  ontology  groups  clo¬ 
ck  related  to  apoptosis,  cell  cycle,  cell  proliferation, 
aid  WNT  responses  (Table  2)  were  substantially  altered 
:  Uv.  ITT  evil  line  when  compared  with  NHTBE  cells. 
These  groups  contained  594  genes  representing  146  un¬ 
ique  genes  (approximately  5.1  unique  genes  per  group), 
which  were  subsequently  assigned  to  the  four  pathways. 
I  he  overlapping  genes  were  arbitrarily  assigned  to  one 
or  other  of  these  pathways,  using  published  information 
•  •  Pub  Med,  HASEfitdine,  and  KEGC.  In  summary, 
'X.  5b,  48,  and  id  unique  genes  were  assigned  to  the 
i|>  i'!o-iv  cell  cycle,  proliferation,  and  WNT  pathways, 
cspcctiveh  (data  not  shown).  Differentially  expressed 
genes  ihm  showed  a  more  than  three-fold  change  or  are 
lirecth  related  to  the  WNT,  cell  cycle,  proliferation,  and 
apopmsis  pathways  are  listed  in  Table  3. 


t'ubk-  7  tkae  ontology  (GOi  dasslkatum  of  differentially  at- 
rewed  graen  reliuad  «♦  tlw  apoptosis,  cell  cycle,  and  proliferation 
-MthwAys.  kksnUbd  via  microamy  analysis 


*  jO  group 

Number  of  gene* 

\pOptO&£ 

35 

Apoptosis  inhibitor 

7 

4  p o pxos is  regulator 

7 

Cm  Cycle 

77 

CM!  ttyck  (irresi 

8 

Qsll  zytte  chfickpoim 

& 

■CV1!  &yete  control 

50 

0$8  regulator 

a 

Cd!  da ith 

3a 

Cdl  proliferation 

75 

Control  of  mitosis 

4 

DNA  replication  tad  chromosome  cycle 

21 

Gl/S  inmsiiiou  in  mitotic  cell  cyck 

a 

02 -M  ir&mmon  in  mitotic  cdl  cycle 

$ 

ifanscriptioa  wsgsMim 

u 

Si  phwm- 

B 

M  pmm.  of  mitotic  ad  cycle 

B 

Mil 

13 

®otk  ceil  cycle 

37 

,>i ; .  v  c;  c\  n\ ;  ml  of  cd  1  pro  lifer  a  u  m 

21 

Negative  mmrm  at  edl  prolife  ration 

14 

ReguUm^a  of  ClM:  activity 

6 

s  phase  of  mitotic  cell  cycle 

16 

f  mnBcnptioo 

99 

it&tiwnpiim  factor 

20 

r  romscrip imn.  regula i or 

48 

I'mnmmm  elongation  factor 

1 

F  fflAftilitkai  factor 

m 

Trimliion  tnituntion  factor 

5 

WNT  atgnalmg 

10 

Validation  of  the  differentially  expressed  genes 

A  subset  of  the  differentially  expressed  genes  was  chosen 
for  validation  by  qRT-PCR  and  Western  analysis 
(Table  3).  Fifteen  genes,  SFRP1.  CDK1,  MYC.  AXL. 
GAS6,  IGFBP4,  AATF,  ART,  APIS,  BCLX,  CYCS, 
LOH1 1CR2A.  TP53,  KRT6E,  and  TF,  were  selected  for 
qRT-PCR  validation.  SFRPL  which  is  related  to  the 
WNT  pathway,  was  upregulated  12.8-fold  in  H292  cells 
compared  to  NHTBE  ceils.  The  cell  cycle  genes  CDK  i 
and  MYC  were  upregulated  8.0-  and  6.2-fold,  respec¬ 
tively;  the  proliferation  genes  AXL,  GAS6.  and  IGFBP4 
were  upregulated  2.9-,  18.6-,  and  2.6-fold,  respectively. 
The  antiapoptosis  genes  AATF,  ART,  AP15,  and  BCLX 
were  upregulated  by  43.5-,  23,0-,  38.4-,  and  1 7. 7-fold, 
respectively;  the  proapoptosis  gene  LOH1ICR2A  was 
downregulated  by  33.9-fold,  and  the  proapoptosis  genes 
CYCS  and  TP53  were  upregulated  by  27.8-  and  23-3- 
fold,  respectively. 

Seven  genes,  Beta-datenin.  CDK1,  CCNB1,  GAS6. 
ART.  APIS,  and  BCL2,  were  selected  to  validate  gene 
expression  at  tlte  translation  level  in  the  NSCLC  cell 
lines  H292,  HI 975,  H226.  H2170.  H520,  HI 734,  Hi 703. 
A 549,  HI 536,  and  H2228  using  Western  analysis.  The 
transcription  levels  of  these  genes  in  H292  cells  were 
determined  by  microaxray  analysis  or  qRT-PCR.  Wes¬ 
tern  analysis  revealed  that  the  levels  of  their  products 
were  also  elevated  in  H292  cells  compared  with  those  in 
NHTBE  ceils  (Fig.  3).  The  expression  levels  of  the 
proteins  Beta-catenin,  GAS6,  ART,  APIS,  and  BCL2 
varied  among  the  different  lung  cancer  cell  lines  tested. 
Strikingly,  CDK  I  and  CCNB1  were  highly  expressed  in 
almost  all  of  the  lung  cancer  cell  lines  but  not  in  NHTBE 
cells.  The  gene  expression  levels  detected  by  qRT-PCR 
and  Western  analysis  were  in  good  agreement  with  those 
detected  by  microarray  analysis  (Table  3). 


Validation  by  FACS  analysis  of  changes  in  apoptosis, 
cell  cycle  kinetics,  and  ceil  proliferation 

As  the  expression  of  genes  related  to  the  apoptosis,  cell 
cycle,  and  proliferation  pathways  was  greatly  altered  in 
H292  cells  relative  to  the  NHTBE  cells,  we  used  FACS 
analysis  to  verify  that  the  processes  they  are  expected  to 
mediate  or  control  were  altered  in  a  similar  manner.  Celt 
cycle  analysis  using  propidium  iodide  staining  indicated 
that  there  were  significant  differences  in  the  numbers  of 
cells  in  the  M4  (apoptotic  or  necrotic  cells).  Gi/GG,  S, 
and  G2  phases  between  H292  and  NHTBE  cells 
(Fig.  4a -c).  A  significantly  lower  percentage  of  H292 
cells  was  found  to  be  in  the  M4,  G1/G0,  and  G2  phases 
compared  with  NHTBE  cells,  but  a  significantly  higher 
percentage  was  in  S  phase  (Fig.  4c).  These  findings 
indicate  that  in  H292  cells  both  the  Gl/S  and  G2/M 
transitions  are  altered.  To  confirm  these  findings  and 
this  interprstaiion,  we  used  more  specific  methods  to 
analyze  apoptosis  and  cell  proliferation  in  NHTBE  and 
H292  cells  (see  Materials  and  methods),  To  analyze 


.1  Pffkr^tuiJiy  gene*  related  10  WNT  pathways*  apoptosis,  or  cell  proiiferation*t<!bilillfed  via  microatray  analysis 


Gene  symbeP  Gene 

£ product )  description 


LBFCh  Relative  change  Western 

based  on  qRT-PCR  analysis 
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■  The  data  shown  indicate  the  relative  changes  in  expression.  ( ±  SE) 
obtained  irom  QRT-PCft  analysis.  The  values  are  averages,  of  two 
to  four  QRT4PCR  experiments. 

^  Western  analysis  was  used  to  confirm  expression  of  some  of  the 

pne  products 


-impioim,  wc  used  Aanexin-V*FLUOS  in  combination 
with  PI  to  distinguish  apopiolie  md  necrotic  ceils  from 
viable  colls  by  c.bamc icrizittg  the  loss  of  plasma  mm- 
■ram;  asymmetry,  and  we  performed  mitochondrial 
ncmbraM  potential  analysis  with  MTGrmt  and 
.  MXRm  m  further  elucidate  the  interaction  between 
BCE*,  and  CX  C  S  in  the  H292  ceils,  The  Anncxin-V- 
bU  OX  experiment  showed  Lhat  27*04%  of  the  NHTBE 
underwent  programmed  cell  death,  but  only  2,05% 

•  u  the  H292  cells  did  so  (Fig,  4d).  Analysis  of  the 
mitochondrial  membrane  potential  also  showed  a 


statistically  significant  difference  between  NHTBE  and 
H292  cells  (Fig*  5),  Specifically,  H292  cells  showed  sig¬ 
nificantly  less  loss  of  membrane  potential  than  NHTBE 
ceils  did.  This  may  be  due  mainly  to  BCU-dependam 
inhibition  of  the  release  of  CYCS  from  the  mitochondria 
in  the  H292  cells* 

In  addition,  to  measure  cell  proliferation,  we  calcu¬ 
lated  the  ratio  of  BrdU-staioed  nuclei  to  the  total 
number  of  nuclei*  Immunohistocbemicul  staining  using 
an  antfBrdU-FITC  antibody  indicated  that  19,75%  of 
the  H292  cells  but  only  116%  of  the  NHTBE  ceils  were 
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n  the  S  phase  (Fig*  4d).  Thus,  the  H292  ceils  show  a 
qgnihcauth  higher  rale  of  cell  cycle  progression  and  cell 
proliferation  and  a  lower  level  of  apoptosis  than  the 

NHTBE  ceils. 


Discussion 

;  >  generally  accepted  that.  NSCLC,  adenocardnoma 
and  squamous  cell  carcinoma  m  the  tog  generally  arise 
horn  airway  and  alveolar  epithelial  cells.  Numerous 
previous*  mtcroarray  analyses  of  NSCLC  tissues  and  cell 
ims  focused  on.  survival  prediction,  molecular  charac- 
vi-OA.  armor  classification.  iargei  identification,  and 
tumor  and.  call  line  integration  (Petty  et  at  2004;  Whit- 
■,m  m  at.  2014},  However,  the  use  of  morphologically 
normal  ilrnm  taken  from  sites  adjacent  to  tumor  tissue 
as  the  norma!  control  has  provoked  concern*  In  addit¬ 
ion.  q  has  been  well  documented  that  bronchial  epL 
media  ceils  do  not  retain  the  normal  mucociliary 
ohcnoiypc  if  they  arc  grown  and  maintained  submerged 
n  endure  medium  on  a  two-dimensional  ptoiic  culture 
plate.  ( Wu  et  al.  I  WO;  Qstrowski  and  NeUeshetm  1995)- 
In  this  study  we  used  orga  no  typically  cultured,  fully 
iiJferemmledi,  normal  primary  bronchial  epithelial  cells, 
vhich  recapitulate  r. he  in  vivo  differentiation  of  bron- 
■  h  i  id  c  p  i  i  h elm.  a. s  c >  u  r  r i  o  rm a  1  co  n  t  ro  i .  The  H292  N  SCLC 
cell  line  was  used  as  the  tumor  counterpart  for  micro- 
uru  analysts  and  several  NSCLC  cell  lines  maintained 
uidei  i heir  optimal  culture  conditions  were  used  to 
verify  differential  expression  of  selected,  genes. 

In  order  to  evaluate  the  usefulness  of  our  model  for 
*he  si ady  of  lung  carcinogenesis,  we  compared  our 
rvmfe  with  gene  expression-profiling  studies  recently 
dom  by  others  using  tog  specimens  and  cell  lines 
fNacfai  et  al  2001;  Am&tsdiek  et  al  2004;  Kettunen 
&  al  2004  k  One  should  note  that  it  is  difficult  to 


compare  studies  that  use  different  array  platforms  or 
methods  (cDNA  array;  cDNA  subtraction;  serial 
analysis  of  gene  expression,  SAGE),  different  types  of 
specimens  (tumor  tissue  vs,  normal  tissue;  tumor  tissue 
vs  tumor  cell  lines),  and  different  analytical  and  Sta¬ 
tistical  algorithms,  as  already  pointed  out  by  Ketlimen 
et  al  (2004),  These  differences  could  contribute  to  a 
certain  degree  of  disagreement  among  studies.  We 
found  that  our  set  of  differentially  expressed  genes 
showed  86,7%,  68,4%,  and  62.5%  agreement  with 
those  presented  by  Kettunen  et  al  (2004),  Amatscbek 
et  al.  (2004)  and  Nadht  ex  ak  (2001),  respectively 
(Tabic  4),  Of  the  unregulated  genes  identified  by 
Kettmxea  et  &J  (2004)  in  a  comparison  of  tumor  tissue 
with  normal  tissue,  15  genes  overlapped  with  our  set, 
and  13  (86/7%)  of  these,  including  the  genes  for  in- 
tegrin  beLa  4  (ITGB4),  retinoic  acid  receptor  gamma 
(RARG),  insulin-like  growth  factor- binding  protein  5 
(1GFBP5),  and  mtegrin  alpha  6  (J  TGA6) — those  most 
highly  aprcgnlmad  in  tog  specimens-  agreed  with  the 
expression  changes  detected  in  this  study.  These  results 
indicate  that  the  org&notypk&Ily  cultured  primary 
bronchial  epithelial  cells  could  be  a  useful  model  for 
normal  controls  in  the  study  of  lung  epithelial  carci¬ 
nogen  e  si  s. 

We  also  assigned  the  differentially  expressed  genes  to 
biological  pathways,  and  found  that  genes  related  to  the 
WNT,  apoptosis  and  cell  cycle  pathways,  and  to  cell 
proliferation,  were  concurrently  deregulated  in  the 
NSCLC  cells,  A  scheme  depicting  the  biological  network 
consisting  of  three  pathways  j'WNT*  cell  cycle  and 
apoptosis,  which  include  the  mitochondrially  and  tumor 
necrosis  factor  (TNF)-regulated  pathways],  and  the 
proliferation  phenotype  that  are  deregulated  in  H.292 
edis  was  constructed  based  on  our  findings  and  data 
mining  using  public  database  PubMed  and  the  KEGG 
(Fig.  6). 


G1/GG 


Propidium  Iodide 

Fig.  4  a-d  FACS  analysis  of  the  cell  cycle,  apoptosis,  and 
.■woliicrution  m  NHTBE  sod  H292  cells.  Panels  a  and  b  show  the 
■&:Mh  •>(  repeated  expmtHWtt,  which  indicate  that  there  were 
•ymih  am  differences  between  the  two  edl  lines,  a  NHTBE  cells.  A 
■<?ntlH  .mti>  higher  percentage  of  the  NHTBE  cells  is  in  die  M4 
ipopMMs  ir  netrows)  or  02  phase,  b  H292  cells.  A  significantly 
Ufbar  percentage  of  H292  ceils  is  in  S  phase,  c  Summary  of  the 
••s.ids;ic:ii  mudyais.  <t  Comparisons  of  rates  of  apoptosis  and  cell 
■i  <*lii-.r  iitioti  between  the  NHTBE.  and  H292  cells  indicate  that  the 
C1-:  .sm  are  saore  active  in  proliferation  and  less  active  in 

-ptosis.  Thus,  about  19.75%  of  the  H292  cells  progressed  front 
:.l  Q\  checkpoint  to  S  phase,  but  only  about  5.16%  of  the 
» H !  fth  cells  were  in  S  phase.  Moreover,  only  2  05%  of  the  H292 
c  lls.  .-empaled  wish  27.04%  of  die  NHTBE  cells,  were  found  to  be 
apoptotic 

The  WNT  pathway  has  been  shown  to  be  involved  in 
approximately  90%  of  colorectal  cancers  (Giles  et  at. 
•'003 ).  Although  differential  regulation  of  components  of 
the  the  V,  NT  pathway  such  as  P-calenin  and  Disheveled 
sDvt)  was  previously  reported  in  lung  cancer  (Srnythe 
c?  a!.  the  role  of  the  WNT  pathway  in  lung  epi¬ 
thelial  carcinogenesis  is  much  less  dear  in  the  current 
uiitiy  we  found  that  10  WNT  pathway-related  genes 
iSt  I’  SFRPl,  CK1.  CK2,  Dvi.  GA56,  (Tea  tenia,  PP2A, 
CBP.  snd  TCF)  were  upregulated  in  H292  cells.  For- 


Apoptosis  Proliferation 

mation  of  WNT-SFP  complexes  triggers  activation  of 
the  WNT  pathway  by  activating  Dvi,  which  is  also 
activated  through  phosphorylation  by  casein  kinase 
(CfC)  (Willert  et  al.  199?).  The  activated  Dvi  inhibits 
formation  of  a  complex  comprising  Beta-cate nin,  APC. 
Axin,  and  GSK.  GAS6.  a  growth  factor,  inhibits  GSK 
activity  and  induces  upregulation  of  cytosolic  Beta- 
catenin  (Goruppi  et  al.  2001).  The  tumor  suppressor 
genes  coding  for  APC,  Axin,  and  GSK  did  not  show 
changes  in  expression  in  H292  cells,  but  those  for  CBP 
and  TCF.  which  form  a  transcriptional  regulatory 
complex  with  (Tcatenin,  were  significantly  upregulated 
in  H292  cells.  Activation  of  the  WNT  pathway  can  ac¬ 
count  for  the  overexpression  of  MYC  (which  is  one  of 
the  pathway's  critical  targets)  and  an.  oncogene  that  has 
been  demonstrated  to  be  overexpressed  in  NSCLC 
(Broers  et  ai.  1993). 

Surprisingly,  SFRPl  was  also  overexpressed  in  H292 
cells,  SFR.P*  have  been  reported  to  sequester  WNTs  by 
direct  binding  (Uren  et  al.  2000).  thus  inactivating  the 
WNT  pathway.  WNTs  arc  secreted  growth- factor- like 
proteins  that  include  at  least  19  different  isotypes. 
However,  not  every  isotype  induces  the  release  of 
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JRg,  $  *„  i*  Meusuremeot  a!'  apoptosis  based  on  the  loss  of 
minxrhoitdnal  membrane  potential.  Cells  were  treated  with 
MTGms  [winch  stains  all  mitochondria)  and  CMXRos  (which 
««tters  mitochondnu  that  show  a  loss  of  membrane  potential). 
Pmeb  *  sad  b  shew  coinfetnauoE  dot  plots  for  total  NHTBE  (a) 
-s«l  HS?  fbl  c*r.-  usiMec  with  both  agents.  Areas  marked  R2 
encamp**,:  ilw  apoptotic  sells,  which  show  a  loss  of  mitochondrial 
ptfTOhrane  potential  The  Tabic  Wow  the  graphs  summarizes  the 
data  obtained  from  the  membrane  potential  analysis.  The  values  in 
ih*  MTCfesn  siui  CMXRos  columns  represent  the  total  events 
-numbers  of  oeilst  detected  m  the  MTGreert  and  CMXRos 
ehaanefe  The  MTiJrecn  value  is  a  measure  of  the  number  of 
rtutaehcindrra  per  cell  the  CMXRos  value  is  a  measure  of  the 
toduetba  of  apoptosis,  m  indicated  by  a  drop  m  mitochondrial 
membrane  potential  The  values  in  the  LMP  column  indicate  the 
Percentages  of  apoptoltccdHa  (those  located  in  the  R2  region)  in  the 
two  suoii  NS  and  S  represent  nonsignificant  and  significant 
differences  between  the  NHTBE  and  H292  cells 

d-caiaiin  and  enhances  expression  of  targets  of  line 
t  NT  pathway.  Recant  discoveries  have  demonstrated 
•  suit  \VNT5a  inhibits  Bee!)  proliferation  and  suppresses 
tivnutopoietic  malignancies  (Liang  ct  al.  2003),  and 
promotes  degradation  of  p-catenin  (Topol  et  at  2003). 
WNTli#  was  also  reported  to  be  absent,  or  present  in 
reduced  amounts,  in  lung  cancer  cells  and  primary  tu¬ 
mors  iCa.lv, -  ct  a!  ’000).  WNTSa  and  WNT?a  have 
:mih  been  implicated  as  potential  tumor  suppressor 
.eras  COhiro  et  a!  2003;  Topol  el  al.  2003).  Thus,  fur- 
thei  studies  will  be  needed  to  clarify  whether  SFRP1 
sequauers  tumor-suppressiag  WNTs  and  prevents 
tumor-suppressing  signals  from  reaching  the  WNT 
pathway  1  a kert  together,  our  results  strongly  suggest 
uat  the  WNT  pathways  play  an  important  role  in  lung 
epithelial  cell  carcinogenesis. 

i  rimes  involved  in  cell  cycle  regulation  and  cell 
proliferation  were  also  upregulated  in  H292.  Cell  cycle 
genes— specifically  CCNB1  and  CDK1.  the  key 
regulators  of  the  G2/M  transition—were  ubiquitously 
overexpressed  in  all  of  the  NSCLC  cell  lines  tested,  but 


their  expression  levels  were  significantly  lower  in  the 
NHTBE  cells  (Fig.  3).  CCNB1  and  CDK1  form  a 
complex  that  promotes  the  G-2/M  cell  cycle  transition 
(Pines  1999;  Wasner  et  al.  2003).  It  has  been  reported 
that  patients  whose  tumors  expressed  C-CNB1  at  a  high 
level  had  a  significantly  shorter  survival  time  than  did 
patients  whose  tumors  expressed  CCNB 1  at  a  low  level 
(Soria  et  al  2000).  but  [he  roles  of  the  CCNB1-CDK1 
complex  in  lung  carcinogenesis  is  unclear.  Further 
studies  of  these  two  genes  in  NSCLC  may  contribute  to 
the  identification  of  biomarkers  or  therapeutic  targets. 
Expression  of  many  cell-pro  liferation-relaied  genes  was 
substantially  altered  (at  least  threefold)  in  H292  cells. 
Specifically,  the  anti  proliferation  genes  RARRES3, 
GPNMB,  AKR1C3.  and  SERPfNFl  were  downregu- 
Jated,  and  the  pro-proliferation  genes  EGFR,  TGFBI. 
MATK,  CSE1,  FSCNl.  and  1GFBP4  were  upregulated 
in  H292  cells.  In  addition.  AXL  is  known  to  be  involved 
in  the  neoplastic  transformation  of  fibroblast  and  leu¬ 
kemia  cells  (O'Bryan  et  al.  1991;  Neubauer  et  al.  1997) 
and  GAS6  induces  expression  of  AXL.  Both  GAS6  and 
AXL  were  substantially  upregulated  in  H292  cells. 
Further  characterization  of  these  genes  and  their  func¬ 
tions  in  normal  epithelial  cells  and  lung  cancer  cells  may 
be  helpful  in  understanding  cell  cycle  regulation  and  cell 
proliferation  in  NSCLC. 

Apoptosis  was  blocked  in  H292  cells.  Apoptosis  is 
regulated  by  two  pathways  involving  mitochondrial 
components  and  TNF,  respectively  (Budihardjo  et  a!. 
199$;  Datta  et  al.  1999).  In  H292  cells,  BCL2.  BAG!, 
ART,  and  heat  shock  proteins  may  block  the  mitochon¬ 
drial  pathway  that  induces  apoptosis.  BCL2,  which  has 
been  previously  reported  to  be  abnormally  expressed  io 
NSCLC  (Han  et  al.  2002),  blocks  the  release  of  CYCS  by 
blocking  die  mitochondria  voltage-dependent  anion 
channel  (Shimizu  et  al.  1999).  HSP70  and  HSP90  have 
been  reported  to  be  antiapoptotic  proteins  (Beere  et  al. 


r  *•>><■  ■>  '  ainparison  of  djfifcrcmisiUy  expressed  genes  identified  in  the  preseat  study  with  data  from  previous  studies 
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73 

Yes* 

C'4 ! time m n  iCA LU } 

2£ 

Yes* 

1  ytochfwne  P4S0,  subfamily  1  (CYP1B1) 

22 

Yes* 

-  .r  i  v  c  i  >pi  .T ;  a  n  i  )  nm  b  fGPN  M  B ) 

-73 

No* 

Glyoraksc  I  iOUm 

L9 

Yes* 

Merauti  6 A  (KRTSA) 

-7.0 

No* 

2  CtAMC2| 

-2*8 

No* 

Onuihine  l  (ODCI  i 

4J 

Yes* 

:J 4 n ■  ■  ay mid  hor:mop:ii-hke  hormone  (PTHLB) 

2J 

Yes* 

Phoipbpgiy«i:mit  kinm  I  (FGK.1) 

13 

Yes* 

i ■' r o  b t M n d i o pe roxide  sy n th a 2  (PC BS2 } 

54 

Yes* 

RAN.  member  RAS  oncogene  family  (RAN) 

U 

Yes* 

Rst* '  l-  E  ‘hand  cajemm-bmdmg  do mtm  (RCN 1 ) 

23 

Yes* 

Irmmmmkr&m  4  super  family  member  1  (TM4SF!) 

-2.7 

No* 

"tmfm  fkmm  3  (miaftinal)  fTFF3} 

-2.7 

No* 

Tttr^mu  iBaiiKmtLiinmg  29  (TRIM29) 

25 

Yes* 

\ido-keso  family  I,  member  B10  (AKRIB10) 

-1A 

Noe 

Keraiin  l4<KRTl4;i 

-23 

Yes" 

Kcnmn  \1  fKRTH) 

S3 

No1 

Kstu  im  19  (KRTJ9) 

-3,1 

Yes£ 

¥^mtu\  ft  A  (KRTfiA'j 

-7,0 

Yes" 

Mucin  1  iMtfCl) 

-6*3 

No* 

S2u,t[  pro  1  metric  &  proiein  .IB  (Comiftiii 

-5,5 

Yes* 

Tubulin,  l^ta  po \ ypcpdde  (Tii b uli u  B) 

2*5 

Yes* 

"  tLcuunen  et  ai  (3004) 

"  Antaaehek  et  at.  (2004) 
*  Naeht  e!  .it  (200i) 


Panduy-  et  ai.  20(H)).  HSP70  is  localized  in  both  the 
lopiasrri  and  the  nucleus  in  90%  of  NSCLC  cells 
:  Maluxecka  et  at.  2001).  HSP70  binds  to  APAFl  and 
'-•events  the  recrutiment  of  caspases  to  the  apoptosome 
onipiex  i  Bears  «  al.  2000),  while  HSP90  inhibits  CYCS* 
mediated  oligomerization  of  APAFl  and  subsequent 
activation  of  procaspase  9{Pandey  et  al.  2000).  The  TNF 
jut-ihw  a\  may  contribute  to  the  inhibition  of  apoptosis  m 
•  1 292  cells,  .is  genes  for  key  members  of  the  TNF  pathway 
TNT  I  Ni-  receptor,  nuclear  factor-x-B,  and  API)  were 
•ill  substantially  unregulated  in  H292  cells. 

Although  we  maintained  primary  NHTBE,  H292.  aod 
•river  NSCLC  cells  under  conditions  that  arc  optimal  for 
-  uU  nre  of  the  respective  lines,  as  shown  by  ns  and  others 
Rose  et  ai.  2001;  Koo  et  al.  2002),  and  performed 
experiments  when  cultures  had  reached  a  stable  plateau 
phase  in  order  to  minimize  the  effect  of  exponential  ceil 
growth  on  the  expression  profiles,  a  caveat  to  the  inter¬ 


pretation  of  our  current  results  is  that  the  gene  expression 
profiles  were  compared  between  NHTBE  alls  and  pul¬ 
monary  mucoepidermoid  NCI-H292  cell  line,  and  thus 
some  of  the  profiles  may  only  represent  subsets  of  genes 
unique  to  the  in  vitro  culture  system.  Further  verification 
of  the  differentially  expressed  genes  using  clinical  tumor 
samples  is  required.  However,  it  is  noteworthy  that  the 
organotypic  bronchial  epithelial  cells  in  culture,  which 
mimic  in  vivo  airway  epithelium,  can  provide  a  useful 
mode!  system  for  understanding  the  progression  of  nor¬ 
mal  bronchial  epithelial  cells  to  premalignant  and 
malignant  transformation. 

In  summary,  by  comparing  the  gene  expression  profile 
of  H292  NSCLC  cells  with  that  of  NHTBE  cells  cultured 
in  a  three-dimensional  organotypic  culture  system,  we 
were  able  to  identify  genes  (CCNBi  and  CDK1.  etc.) 
which  could  be  potential  biomarkers  and  therapeutic 
targets.  Our  results  suggest  that  the  abnormal  growth 
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S&Mssti-c  mpfesetmtion  of  the  genetic  networks  that  arc 
m  IT392  cells.  The  network,  consists  of  the  pathways 
^diuUiifj  WMT  responses.  cell  cycle  regulation,  apoptosis  {which 
■■nuuiks  mkcrtpsdfiaily  and  TNF -regulated  pathways),  and  cell 
■^roXUrnum.  The  s&mes  si  grmi  showed  ho  change.  the  genes  in 
,  ; -v-i-  ypregukicci,  and  the  genes  in  6fer  were  dotfnrcgulated  in 
1 1292  cdk  Tin  i«  Modi'  indicate  the  L6FC  {see  Materials 

uri  mmudsx  wiiilc  the  numbers  marked  with  asterisks  were 
•  o  mva&  imm  c|  IFf-PCR  result**  DVL,  human  Disheveled  protein; 
CU,  SfiMse  3:  CK2.  casein  kinase  2;  OSK.  glycogen 

^ymh&sc  kiii&se  3  b cun  PP2A,  protein  ptosphfttfrfe  2A;  CBP. 

protein;  TCP.  T-cell  factor:  IGF* Bh  transforming 
growth  fastor-bcia  3;  RAS.  Ras;  GADD,  growth  arrest  and  DNA- 
inm^edndudhie  gene;  E2F1  E2P  tramjeriptkm  factor  2;  MC M* 
uuk  .  .•■mosome  maintenance  dehniem;  TNFIC  TNF  receptor: 
'-  1  sB  nuclear  factor- kB;  HSF70,  heat  shock  protein  70  kD: 
HSPKU  heat  shock  protein  90  kD:  APAFL  smopuck 

i actor  i  BAD.  Bd-XL/!M"2^ssodat©d  death  gene; 
EACH,  KiJ-^ssociated  atha nogene  1 

.aid  survival  of  the  NSCLC  cells  results  from  concurrent 
'•  -rjgu {auoit  ofWM.  .apoptosis  and  cell  cycle  pathways. 
These  pathway^  were  also  found  to  be  altered  m  many 
other  types  of  cancer  cells.  Our  findings  help  to  elucidate 
mm  of  the  intricate  networks  that  are  altered  in  NSCLC 
cells  and  provide  a  gene  pool  far  the  identification  of 
bkmmrkers  or  therapeutic  targets. 

\ekftt»wledgtiqvub  We  (hmk  D:  GuiUenmna  Immo  for  tier 
iduarut  uggesuons  regarding  experiments  and  this  manuscript, 
fh^  -  rk  wa>  supported  by  National  Cancer  institute  gram  N0L 
■  N-f'Nfi2;  G  fi,  L  .&  i,  i.  .S.  Department  of  Defeat grain  DAMP 
"■A  ;  01  (to  1  S.K  I,  and  N adopt!  Imtitute  of  Environ 

nsenui  Health  Sciences  gram  <K22-BS-00€362  (to  JLSX) 


teferrom 


Vn-^acrick  1  Koenig  If  Aw  Ht  Sidnlein  P,  Pacher  M+  Gruenf- 
ddor  A.  Deltas  G,  Vogi  S,  &ubi£tn  Et  Heidnr  KH,  Straiowa  C, 
Soiudbirr  M ,  Sommergiiibcr  W  (2004)  Tissue-wide  expression 
nrofriing  using  eDNA  mbf ruction  and  microarrays  to  identify 
tumo^pedic  p»,  Cancer  Res  64:844-856 


Bcere  HM„  Wolf  BB>  Cain  K,  Mosser  DO,  Mahhoubi  A,  Kuwait  a 
T,  Tailor  P,  Morimoto  RL  Cohen  CM,  Green  DR  (2000;  Heat- 
shock  protein  70  inhibits  apoptosis  by  preventing  recruitment 
of  proeuspase-9  to  the  ApafH  apoptosome,  Nat  Cell  Biol 
2:469-475 

Braakhuis  BJ.  Tabor  MP.  Rummer  JA,  Leemans  CR.  Brakenhoff 
RH  (2003)  A  genetic  explanation  of  Slaughter's  concept  of  held 
canceri ration:  evidence  and  clinical  implications,  Cancer  Res 
63:  i  727-1730 

Braakhuis  BJ,  Leeniiins  CR.  Brakenhoif  RH  (2004)  Using  tissue 
adjacent  to  carcinoma  us  a  noon  a  I  control:  ao  obvious  but 
questionable  practice.  J  Pathol  203:620-621 
Stem  JL„  Vi&M  J«  Jensen  SM,  Pass  R  Travis  WD+  Minna  JDh 
LinnoiLa  RL  (1993)  Expression  of  c+myc  in  progenitor  ceils  of 
the  bronchopulmonan  epithelium  and  in  a  large  Dumber  of 
non-small  cell  lung  cancers.  Am  J  Respir  Cell  Mol  Biol  9:33-43 
Budihardjo  i.  Oliver  EL  Latter  M«  Luo  X,  Wang  X  (3999)  Bio- 
chemical  pathways  of  caspase  aettvahon  dunng  apoptosis. 
Armu  Rev  Cell  D^v  Biol  15:269-290 
Calvo  R,  West  J,  Franklin  VV.  Erickson  P,  Bends  Lt  U  E,  HelL 
rich  B,  Bumi  P,  Roche  J.  Br:imbi.Ua  E,  Rosdl  Rt  Genmull 
RMt  Dmbkm  HA  (20fK(i  Altered  hi  OX  and  IV N  TJX.  expres¬ 
sion  in  human  lung  cancer*  Proc  Natl  Acad  Sei  USA 

mm&Aim 

Daftu  SR,  Bmmi  A,  Greenberg  M E  ( 1999)  Cellular  survival:  a  plav 
m  ihm  $m$.  Qmrn  Dev  13:2905-2927 
Fry  WA,  Phillips  iL,.  Menek  HR  (1999)  Ten -year  survey  of  Sung 
Qmc&r  Ummmi  md  survival  in  hospitals  in  the  United  States" 
i  national  etnecr  data  base  report.  Cancer  $6:i£6?-IS?6 
Giles  RH,  van  E§  SHr  Cievers  H  (2003)  Caught  up  in  a  Wm  storm: 

Wm  signaling  in  cancer,  Biochim  Bbphys  Acta  1653:1-24 
Goruppi  St  Chdaruttidi  C,  Ruaro  ME,  Varnum  %  Schneider  € 
(2001)  Gas6  induces  growth,  fm^eatumn  smbtlmdem,  and 
T -cell  factor  imdscriptionsl  activation  in  contact-mhibitrd  C57 
mammary  cells.  Mol  Cell  Biol  21:902-915 
Gray  TB.  Guzman  K,  Davis  CW,  Abdullah  LH,  Netrtsheirn  P 
(1996)  Mucociliary  dilfjeientiautm  of  serially  passaged  normal 
human  tracheobronchial  epithelial  cells.  Am  J  Rcsplr  Cell  Mol 
Biol  34:104-112 

Bait  H,  Landreneau  RJ,  Santucd  TS,  Tiing  MV*  Macherey  RS. 
Shaekney  SB,  Sturgis  CD,  Raab  SS,  Silverman  JF  (2002) 
Prognostic  value  of  immunohistouhemical  expressions  of  p53t 
HER-2/nuu,  and  bfiJ-2  m  stage  I  non-5mall*cd|  \mg  cancer. 
Hum  Pathol  33:105-1 10 

Jemal  At  Murray  T*  Samuels  A,  Ghafoor  A,  Ward  E,  Thuu  MS 
(2003)  Cancer  statistics,  2003,  CA  Cancer  J  CUn  53:5-26 


f54 

K-nnx\m  t.  Amm  %>  n  Jk,  Karjalaiocn  .4*  Edgren  H, 

i  n-l>i rum  L  tkilovaara  R,  Niswn  AM.  $alo  J.  Mattson  K, 
H oilmen  i  Kimutlk  B,  Wlkman  H  (2004)  Differentially  ex- 
gfiira  in  neuam&l]  cdj  lung  cancer:  expression  profiling 
;'  •:  incer-irtit mi  m  squamous  cell  lung  cancer.  Cancer 

Genei  Cytopm  HM8  ■106 

\  •:= f%  Mmkl  A,  Kao  JS,  Eissa  NT  (2002)  Ubiquitina- 
ft  mdm&  mirk  oxide  synthase  h  required  for  its  deg* 
nidation,  teAM  Aead  Sci  USA  99:1 2315—  1 2320 
JS  j  mm  AM,  Bdloai  P,  Yoon  JH,  Kim  YD.  Neilcshekn  P 
Role  of  retinoid  receptors  m  the  regulation  of  mucin 
gc-nt  vxpxmmn  by  retinoic  acid  in  human  tracheobronchial 
cpithdial-  cells.  Biodiem  J  338:351  357 
K-o  IS..  Y&m  JR  Gray  I,  Norford  D,  Jeucm  AM,  Neuesheim 
F  aW  Restoration  of  the  mucous  phenotype  by  mmole 
add  in  r££hotd'ddkkm  human  bronchial  ceil  cultures: 
dn*apa>  in  mucm  gene  expression  Ami  Respir  Cell  Mot  Biol 
M:4%-42 

Koo  JS,  Kim  YU.  Jeaim  AM  Seiloni  P.  Netwsbeim  P  (2002) 
OwMpwst#ii  of  mucin  genes  induced  by  interleukin- 1  beta, 

■  '.coar  axioms  factor-aipha,  lipopotygacdtaride,  and  neutrophil 
■■  -. .-  >o  ^  inhibited  by  a  retmote  acid  reccpiorilpha antagonist. 
Exp  Lung  Res  28:315-332 

'-nijiibbar  R  Basb&um  C  (20*)2j  ffatakt-activaljng  factor  receptor 
cnJ  APAMIfl  mediate  responses  to  Siaphyhtymus  aumis  in 
epithelial  calk  Nat  Med  8:41  -46 

*  w  .  ■  a i-  \ v  H  (2001 }  M  od e  1  -  based  analysis  of  digomid&a  u  da 
iri-ivs  expression  index  c vmpmmim  and  outlier  detection. 
Pmc  Nat!  MM  USA  98:31-36 

•■•.«  H,  Chm  ft  Coles  AH*  Anderson  SJ,  Film  G*  Bradley  A, 
Go; itm  K*  ifumcic  ft  Jones  SN  (2003)  WttSft  inhibits  B  cell 
pift&mahm  and  functions  as  a  tumor  suppressor  in  hemau> 
picnic  oBiit::  Oums  Ceil  4:349  -360 
•.■C.uv,vC,  IT  Zhonsl  A,  Krmow  sk.a-Grucc  S,  Kruvvczyk  Z  (200 l ) 
\ .  s  -Mzmmx  of  fiaiit  shock  proteins  HSP70  and  HSP27  in  pri* 

• vl .o y  no n -sioai I  coin n:n g  cn  rd nomas .  An  immunohisfochemica  1 
st udy *  Ami  cancer  Res  21:1015-1021 
1  s  -,  c :  ■ :  M  «t  ti  I  1 200 !  >  M  a  lee  uktr  chu  raaerislics  o  f  non ~sm  all  o?  II 
mug  mmm-:.  Pmc  Natl  Acad  Sci  USA  98: 15203- 15208 
Nenbanar'  A,  Burnhm  A,  MaiwaM  C.  Gruss  Hi,  Serke  S,  Hsihn  D. 
Wmif  II,  tin  F  (]f97)  Recent  progress  an  the  rok  of  Ax],  n 
receptor  tyrosine  kinase,  m  mahgnant  transformation  of  mye- 
Leak  Lymphoma  25:9F  96 
RA,  Cogswell  PC.  Neubauer  A,  Kiich  B.,  Prokop 
C  Ls^mm  R  flLLe  Beau  MM.  Earp  HS*  Liu  IST(i99D*x/,  a 
wmmmmmg  gene  isolated  from  primary  human  myeloid  leu* 
kerma  cells,  encodes  a  novel  receptor  rvrosine  kinase.  Mol  Cell 
lie!  !  1 : 50 16- 5031 

Oh iiii  T  s?f  ai  |2fN >>]  VVNT/a  induces  E^adherin  m  lung  cancer 
oslk.  Froc  Natl  Acad  Sci  USA  100:1042^-10434 
f)s!  ro ws k  i  L  l  .  N  c :  t her m  P  1 1 99  5 )  i  nhi  bi  do  n.  of  cili  a  t ed  ce  II  di  f* 
ibrendutien  hy  fluid  submtrrion.  hxp  Lung  Res  21:957  970 
raie;y  P+  Sateh  A...  A,  Kumar  St  Srijiivasula  SM, 

Hmm  V  Wexh^elbaum  R>  Nalin  C.  AJnemri  ES.  Kiife  D, 
Rili^rbaudii  S  ■:  2iNiC  Negative  regulation  of  cytochrome 


r- mediated  ollgomerkatbn  of  Apau  1  and  activation  of  pro* 
easpas^9  bv  brat  ^hock  protein  90,  EMBO  J  19:4310*4322 

Petty  RD,  Nkolson  MC  Km  KM,  Collt^Duguid  E,  Murray  Gl 
(2004)  Gene  expression  profiling  in  non-smalt  eel:  lung  ameer 
from  molecular  mechanisms  to  dmk&i  application.  Din  Cancer 
Rfcs  1 0:3237-3248 

Pines  i  ( 1999)  Four -dime  ns  tonal  control  of  the  cell  cycle  Nm  Cell 
m  I:E72FE79 

Rose  MC,  Nickola  TJ,  Yoynow  JA  (2001)  Airway  mucus 
obstruction;  mucin  glycoproteins.  MOC  gene  regulation  and 
gobtet  cell  hyperplasia.  Am  J  Resptr  Cell  Mol  Bio]  25:533- 
537 

Shimizu  S,  Narita  M,  Tsujimoto  Y  (1999)  Bcl-2  family  proteins 
regulate  the  release  of  apoptogenic  cytochrome  c  by  the  mito¬ 
chondrial  channel  VDAC  Nature  399:483-4^7 

Singer  M,  Martin  LD,  V argaftig  KB,  Park  J,  Gruber  AD,  Li  Y 
Adler  KB  (2004)  A  M A R.CKS- relaxed  peptide  blocks  mucus 
hypers^retion  in  a  mouse  mtxlcl  of  asthma,  Nat  Med  10: 1 93  - 
106 

Smytbe  WR,  Williams  JR  Whcdock  MJ,  Johnson  KR,  Kaiser  LR, 
Aibdda  SM  \  1999)  Cadhmn  and  mmmn  expression  in  normal 
human  bronchial  epithelium  mti  non-sniaH  cell  long  cancer. 
Lung  Cancer  24: 157  ]  68 

Soria  JC  Jang  $J,  Khuri  FR,  Haafn.ii  K,  Liu  D+  Hong  WK.  Mac  L 
(2000)  Overexpression  of  cydin  B I  in  eariy-stage  non*smaU  cd] 
lung  cancer  and  its  dimcal  implication.  Cancer  Res  60:4000- 
4004 

Take  yam  a  K,  Dabbagh  K,  fxe  HM,  Agusti  C.  Latadcf  JAf  Ueki 
IF,  Grattan  KM,  Nadd  JA  (1999)  Epidermal  growth  fector 
system  regulates  mucin  production  in  airw^y^,  Proc  Nat!  Acad 
Set  USA  %: 308 1 -3086 

Topol  L.  Jiang  X,  Choi  FL  Garmtt-Bea)  Lt  Carols  Fk  Yang  Y 
(2003)  Wrm*5a  inhibits  the  zmommi  Wm  pathway  by  pro¬ 
moting  GS'K “3 dndepen dent  beta-eatemn  degradation.  J  Cell 
Biol  162:899-008 

Unm  A,  R  deb  sin  an  F.  Attest  V,  Taylor  WG+  Mur  also  K.  Bottaro 
DP,  Cumberkdge  $,  Rubm  JS  (2(X)0)  Secreted  Fn£zled*re!atad 
protein*]  binds  directly  to  Wingless  and  n  a  bipteic  madtilaior 
of  Wm  signaling.  J  Biol  Chern  27 5:43744 m 

Warner  M.  Tschop  K.  Spiasbaoh  Kt  Haugwitz  U,  Jolme  €, 
Mossacr  J,  Mnmovam  R,  Engc And  K  (2003)  Cyeiin  Bl  Iran- 
scription  k  enhanced  by  the  p3CM)  coachvaior  and  regdated 
during  the  cell  cycle  bv  a  €  HR -dependent  reprea^ion  mecha- 
msm  FEBS  Utt  536:66  70 

Wmisett  JA  c:  a;  {3004}  Functional  genomics  of  lung  disease.  Am  l 
R^pir  Cd!  Mol  Biol  3);Sl4&l 

Widen  K,  Brink  M,  Wodarz  A.  Vamius  H,  Nusse  R  0997}  Casein 
kim$&  2  associates  with  and  pksphorybtes  dishevelled.  EM  BO 
j- 

Wn  Rs  Martin  WR,  Robinson  CB,  St  George  JA,  Plopper  CG, 
Kurland  Gf  Last  JA,  Cross  CIL  McDonald  1U,  Boucher  R 
(1990)  Expression  of  mucin  synthesis  and  secretion  in  human 
mnh^obmwMM  epathdad  cells  srrown  in  CLilture.  Am  J  Resplr 

Cell  Mol  Biol  3:467-478 


»•*.  m,  ms-2976.  Mm  /,  jiw 


Clinical  Cancer  Research 


Phase  I  Study  of  the  F arnesyltransferase  Inhibitor  Lonafarnib  with 

Paeiitaxel  in  Solid  Tumors 


Fadto  R.  Khuri,1  Bonnie  S.  Glisson,1 

Edward  S.  Kim,2  Paui  Statkevich,3 

Peter  F.  Thall,2  Michael  L.  Meyers,3 

Roy  S.  iUrhstr  Reginald  F.  Miinden  2 

Craig  Teiidler,  '  Vali  Zhu,3  Sandra  Bangert,2 

Elizabeth  Thompson,1  Charles  La,2 

.Vue- \  lei  Wang.1  Dong  M.  Shin,1  Merrill  S.  Kits,1 

Vais  Pa  pad  im  it  r  akopoulou,2  Frank  V,  Fosselia,1 

Paul  Kirsebmeier,3  W.  Robert  Bishop,3  and 

Waim  Ki  Hong2 

tip  Qinecr  fosmutc:,  fimwy  University.  Atiami,  Georgia:  2Thc 
Unwmny  of  Taxa*  M.  0,  Andmffi  Gaacitt  Center,  Houston*  Texas, 
&nd  "Scbt^ittg-PiooL’h  Research  iMUfute,  K^niiwmb  New  Jersey 

ABSTBACT 

mrpme;  To  establish  tire  maximum  toimileti  dose  of 
^  aovel  fa m e\vi  transferase  inhibitor*  m  combi- 
me.  km  with  pndhnxei  Ln  patients  with  solid  tumors  anti  to 
i'ihsrmmrim  lire  safety,  t«k  nihility,  tav-ti  outing  tosMiy, 
ood  of  this  combination  regimen, 

gktsign:  In  a  Ptft&e  I  trial  lotmf^ntih  wis 
;s.dmmhmrm&  pm*s  twice  daily  (b-id.)  on  contiguously  sclied- 
ukd  doses  of  HIO  mg,  125  and  150  mg  in  combination 
with  u  pudtiuxel  at  doses  of  135  mg/m"  or  175 
wdmin  tiered  over  3  h  on  day  8  of  every  21 -day  cycle,  Plasma 
pacitord  uim!  kmaftiriub  con  cent  rations  wore  coiliicited  at 
selKftrf  time  ptlMs  from  each  patient 

Rm  tilts;  Twenty -four  patients  were  enrolled;  21  pa* 
tisuc*  werr  evaluable,  The  principal  grade  3/4  toxicity  was 
diarchcii  Cl  of  2!  pvuuiis i,  which  was  most  likely  due  to 
ting  midties  indudod  pade  3  hyper- 
hiiiruhioemia.  ?«  dose  level  3  i  HHl  mg  bikl  kmafamlb  and 
175  oih/itT  p&diujxd):  grade  4  diarrhea  mud  pxicie  3  periph¬ 
eral  mmmpmky  m  dose  level  3 A  (125  bdaL  bnMkmib 
aati  175  mg/nr  padifcaei);  and  grade  4  nmtropma  with 
in  er  ?md  grade  4  diarrhea  at  level  4  (ISO  mg  bXd,  Iona- 
Unix  and  H5  mg/nr  paeiitaxel}.  The  maximum  tolerated 
established  by  iht  continual  reassessment  method  was 
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lonafarnib  HKl  mg  b,i.d.  and  paeiitaxel  ITS  mg/m2,  IPadT 
laxel  appeared  to  have  no  effect,  on  the  pharmacokmetics  of 
kmafaraiih  The  median  duration  of  therapy  was  eight  ey* 
des,  mdsdmg  seven  cycles  with  pacHtiixeL  Six  of  IS  previ¬ 
ously  treated  patients  had  a  durable  partial  response*  In¬ 
cluding  3  patients  who  hud  previous  toxane  therapy. 
Notably >  two  of  five  patients  will!  taxanc-mistam  metastatic 
non-^mall  cell  hmg  cancer  had  partial  responses* 

Coturlusums:  When  combined  with  paeiitaxel*  the  rec¬ 
ommended  dose  of  lonafarnib  for  Phase  I!  trials  is  100  mg 
p*o*  twice  daily  with  175  mg/m1  of  paeiitaxel  i.v,  every  3 
weeks.  Additional  studies  of  lonafarnib  in  combination  reg¬ 
imens  appear  warranted,  particularly  in  patients  with  non- 
small  cell  lung  cancer* 

INTRODUCTION 

Mutations  of  Lite  rm  family  of  oncogenes  that  result  in 
uiireguktLod  cell  proliferation  nm  common  in  human  cancers  (1)* 
The  ras  mutations  have  been  tthpUcMed  in  (he  devdopmem  of 
colorectal  cancer  and  have  been  associated  with  shortened  sur¬ 
vival  in.  several  ru.mo.r  types,  including  non -small  cell  lung 
cancer  (NSOLC;  Refs,  2-6)*  Rm  genes  encode  a  protein*  p2L 
that  is  located  on  the  inner  surface  of  the  plasma  membrane  ( 1 , 
7)*  The  p2l  protein  has  GTPase  activity  and  participates  in 
signal  transduction*  Activation  of  the  ras  oncoprotein  requires 
prenylation,  a  process  that  is  catalyzed  by  famesyltiansfcme 
(S— 12), 

Faniesylmmsfemse  inhibitors  JFTIs)  are  a  novel  class  of 
compounds  that  block  tins  critical  enzymatic  step  in  the  forma - 
iron  of  active  ras  proteins  (8-13).  Lonafarnib  (Sarasar;  Sober¬ 
ing- Rough  Corporation,  Kcn.il worthy  Ni)  Is  a  yicychc  nonpe|> 
ddomtineilc  compound  (Fig*  1 )  that  k  wc.tivc  ngamsi  a  variety  of 
tumors  in  vitro  and  in  animal,  models  of  cancer  (14)*  The 
antitumor  activity  of  looateib  and  other  FTls  is  rebred  to  the 
inhibition  of  fame  solution,  although  controversy  currently  sur¬ 
rounds  ihc  exact  famesybBd  proteins  that- are  the  key  targets  of 
FTIs  (15.  16),  For  example,  A&hm-  er  ®L  (.17)  and  Crespo  el  aL 
(IS)  have  shown  that  FTIs  have  imponam  effects  on  cell  cycle 
arrest.  The  dm  of  Crespo  er  al,  suggest  e  direct  effect  on  spindle 
formation  with  result  am  prometaphase  accumulation  of  mnotk 
lung  cancer  cells,  Ash:tr  et  ai  also  showed  that  CENP-E  and 
CENP-F.  two  cemromedc  proteins  preferentially  expressed  m 
mitotic  cells,  are  direct  substrates  for  FTIs,  and  that  their  pre- 
aviation  is  completely  inhibited  by  lonafarnib  (19). 

Compelling  data  reported  by  Moasser  el  ai.  supplied  the 
scientific  underpinning  for  our  present  study  (20).  They  showed 
tot,  in  severe!  cel!  lines  Initially  resistant  io  paeiitaxel,  the 
addition  of  a  PCI  enhanced  the  sensitivity  of  those  cell  lines  to 
fxidimei  Subsequent  preclimcal  studies  have  demonstrated 
synergistic  effects  with  lonafantih  plus  paditaxd  on  a  number 
of  human  cell  lines  m  vitro  (21.  22)  and  enhanced  activity  m 
vivo  (22).  In  the  NCUH460  lung  cancer  xenograft  model  tnhT 
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bium  of  mzm  growth  wis  significantly  greater  with  oral  Iona- 
fin  urn  plus  ; pudiiaxei  than  with  either  agent  alone  (86% 
52%  mi  61%,  respectively;  P  <  0.05),  Turn r  growth 
snhibitai  on  days  ?  and  14  were  56  and  65%  greater,  respec¬ 
tively  with  the  combination  than  with  paciitaxel  alone.  In  line 
6Q  wap*nWF  timsgemc  male  mice,  which  develop  paduaxel- 
rcsma&t  mammary  mtl  ;i(  6^  weeks  of  age,  oral  lonafamib 
fefieamlv  inhibited  mmor  growth  (?  -  &05)  and  also  sen- 
sHj/ed  the  mmm  >  to  poclitaxd  treauitem.  so  that  the  combina¬ 
tion  of  kr&sfemib  plm  pmlmml  wn  mare  effective  than  Iona- 
fwmb  alone  <7*  -  0,05  for  days  ?  m  Ik  Refs,  31  23).  One 
proposed  explanation  for  the  synergistic  activity  is  that  treat¬ 
ment  with  FT!  causes  -cells  to  aeeumuMte  in  the  G^M  phase  of 
the  cdl  cycle  m  which  pacltad  is  most  effective  (21,  24). 

The  mm  objectives-  of  this  trial  were  to  establish  the 
maximum  tolerated  dose  {MTD}  of  kmafamib,  a.  navel  FTl)  in 
combination  with  padiiasd  in  patterns  with  solid  tumors  and  to 
chumck-ri/c  the  safety,  tokmhliiiy,  and  doseslimsing  toxic  ef¬ 
fects  ,n  ibis  comtiifislioii  In  patients  with  advanced  solid  rnalig- 
nancies  Funheraiont,  we  prucuMy  warned  to  see  whether 
Ju.ill.Ic  icipoftseis  could  be  achieved  in  a  variety  of  mane- 
sensitive  tumors  m  parents  previously  treated  with  taxanes* 
Hmiih.  we  sought  to  characterize  ihe  pharm.acokinetics  of 
multipl  otiose  loimfamib  alter  m  daily  oral  admin ismuion  and 
ot  p&diiuxd  twSmMstensd  with  daily  lonafemib, 

PATIENTS  AND  METHODS 

We  sought  m  establish  the  MTD  and  the  dose-limiting 
;  ox  idly  (DLTi  of  dw  kmufamili/padtiaxd  combination  in  adult 
patterns  with  mM  iurars.  Previously  treated  patients  md  m> 
-■^md  petals  w*  allowed  10  participate  in  the  study.  Eiigi- 
:  -dUy  mmm  mcluded  a  Kzimf&ky  perfoimtsce  mtm  of  at 
.v.c;  "0"v . a msm  logically  confirmed  malignancy  for  which  m 
connive  tnaunem  wa>  available,  measurable  disease,  and  ade- 
qimi;?-  hmmwlogtcal  pxm&tim  [including  a  WBC  count 
^  :FCKK^rnnr\  m  absolute  neutrophil  count  of  lt5O0/pd 
15  x  KfAimh  a  platelet  count  to  ]  00  x  1 0^/Uter,  and  a 
iWTixuikihir;  level  10  g/dl],  Furthermore,  patients  were  re¬ 
quired  to  have  adequate  renal  function,  with  a  scrum  creatinine 
tevd  ^  i  s  timt-v  the  upper  limit  of  normal  or  a  measured  12-h 
ammim  deanmee  lime  of  ^50  ml/mm/1.73  nr  Also  man  da- 
tor>  w err  mmmsi  hqmik  function  (baseline  transaminase  levels 


s  3  times  the  upper  limit  of  normal,  bilirubin  £  2,0  mg/dh  and 
albumin  3.0  g/di)  and  no  manifestations  of  a  malabsorption 
syndrome.  AH  patients  hud  lo  el gn  a  written  informed  consent 
approved  by  the  Institutional  Review  Board  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center-  Patients  taking  agents 
that  might  alter  the  metabolism  of  lonafenib  via  the  CYP3A4 
hepatic  enzymatic  system  (such  m  azoles*  macro! ides r.  cycles- 
parin.  systemic  cotiicosteroids,  estrogens,  anti  seizure  drugs,  ri¬ 
fampin.  or  isortiazici),  or  who  had  metasiases  to  the  brain  were 
excluded  from  the  study. 

Patients  received  lormf&ntib  capsules  p,o,  twice  daily 
(b  i  d.)  with  food  as  SO-mg,  15 -mg,  and  100-mg  formulations  in 
combination  with  paciitaxel  admimsieaxi  i,v,  every  3  weeks  at 
135  mg/nr  or  175  mg/nr  over  3  h  (Fig.  2),  Premedication 
consisted  of  20  mg  t,v,  dcxameth&sone  and  S  mg  of  Lv,  oudan- 
minm* 

Statistical  Methods,  The  dose-fmding  portion  of  the 
trial  was  conducted  in  a  group  of  patients  with  a  variety  of 
different  he&ti  and  neck  md  lung  cancers.  The  principal  scien¬ 
tific  goal  was  to  determine  a  MTD.  defined  as  the  dose  level  ai 
which  the  toxicity  rate  was  closest  to  20%  and  less  than  33% 
with  at  least  33%  of  patients  experiencing  dose- limiting  toxic- 
itks  (DLT)  at  the  next  higher  level  DLT  was  defined  as  the 
fallowing;  absolute  neutrophil  count  <  500/p)  tor  longer  thm  5 
days  or  with  fever  >  3$3*€;  grade  4  thrombocytopenia  (plate¬ 
lets  <  25,000/ jil)  or  anemia  (Hb  <  6,5  g/dl);  grade  3-4  nausea/ 
vomiting  or  grade  3  diarrhea  despite  optimal  gmemetic  or 
antidi  antic  al  ’real  menu  or  any  other  grade  3  treatment -ml  a  ted 
nouhematobgkal  toxicity;  and  treairnent  delay  for  toxicity  last¬ 
ing  >2  weeks. 

Associations  between  pairs  of  variables  were  assessed  .us- 
ing  the  Fisher  exact  test,  KruskaFWallk  test*  and  Jonkteie- 
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Ffe.  2  Study  design.  Patterns  begin  ionafamlb  l  week  bdore  receiving 
peaeUtaxul  Reev.aumtiun  occurs  after  every  three  cycles  of  treatment  If 
pfelt^  !mve  mpdOiivc  or  stfiMc  disease,  ihcv  proceed  cm  study.  If 
parents  have  ptug^mlve  dlmtmt,  they  go  off  the  study  protocol  €1, 
computed  tomography;  MRl  tmgncne  moaauce  imaging. 
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T  erpura  u?m  <25>.  Regression  models,  of  toxicity  on  die  doses  of 
pacmaxd  ond  ! otof&mh.  md  the  indicator  of  prior  chemother¬ 
apy-  were  fit  using  £xact  logistic  regression  (26,  27),  Confidence 
inter for  probabilities  of  toxicity  at  particular  dose  and  prior 
chcmofherapy  combinations  were  competed  by  repeating  to 
exact  It jglstic  txpusmR  on  1000  bootstrap  samples  of  to  4m 
/;  o!  -he  .■ompmaikms  were  carried  out  using  StatXaa  md 
SAS  Prae  Logistic 

PkmwmmMmM^  Methods*  Plasma  lonafarmb  and  pa- 
vtoxd.  Kmmzmmm  were  determined  uun$  validated  liquid 
mth  tandem  mass  speutmmeme  deiection  and 
'hr  liquid  cbmmiitiigraphy  .method,  mzpm- 

,  The  iowe ;  ■ \  m ns  < >  f  q uunu  i  at  ion  were  5.00  and  1  O<0  ng/ml 
r  &sma  tor  Iona]  arm b  and  padisaxeL  respectively*  and  The  linear 
:-^dx  were  5  00-2500  ng/ml  and  i  0.0-2500  ng/mi  raapec- 
lively  The  assay  precision  (%  coefficient  of  amahon)  ;md 
accuracy  Bium  were  <11%  and  <!0%*  resp^tivdy.  for 
uuslhmib,  and  <9%  and  <6%,  for  padkaxel 

mm  to  mp ecdve  coadministered  drug  was 
den:^afim!c<i  for  both  of  the  bmtfamib  and  padiiaxd  methods. 

Blood  sample^  i  -3  ml)  for  detemii nation  of  plasma  lona- 
farmri  sod  paditaxd  zommmzm®  were  collected  on  day  t  of 
</vde  ■  Piasma  was  separated,  by  eenrrifugafion  <4aC,  -3000 
rpm  for  IS  min),  thm  divided  into  two  aliquots,  and  was  stared 
h'o^Ei  n  1Z?T  mid  shipped  to  to  analytical  facility. 

•nd s vidua l  plasma  lonafhrnib  and  paduaxd  concentrahom 
were  used  for  pharmacokinetic  analysis  using  mctoHndepem 
deni  metoto  THt  maximum  plasma  concentration  (C^J  Md 
turn  of  maximum  plasma  concentngion  <Tm)  were  to  ob¬ 
served  vibes.  Tto  terminal  phase  rate  constant  (K)  was  tftku* 
m  to  imptive  of  the  slope  of  the  tag-linear  terminal 
I wmm  of  to  plasm  concentration- v^nia-timc  curve  using 


tinier  regression  The  terminal  phase  half-life,  rs/>  was  calcu¬ 
lated  as  The  ar&a  under  the  plasma  concemration- 

wrrew^time  curve  from  lime  0  to  to  lime  of  final  quantifiable 
sample  {AUCati)  and  from  time  0  to  12  h  (AU€i0^l2  t>)  w^s 
calculated  using  the  linear  trapezoidal  method.  For  paciiuxd. 
to  AUCm  was  extrapolated  to  infinity  when  appropriate  as 
follows;  AU€{,^  -  A&€m  **»  <\t f/fc,  where  is  to  esti- 
nmed  mnmmmQcm  determined  from  linear  regression  at  time 
1/  Total  body  clearance,  Cl/F  (looafermb)  or  CL  (pacliiaxd). 
was  calculated  by  the  following  equation:  CUF  -  Dose/AfiC 
The  apparent  volume  of  distribution,  Vd/F  (lonafamib)  or  Vd 
(paditaxd),  was  calculated  as;  Vd/F  -  (Do wsiAUQtK. 

For  pacHoxeL  the  volume  of  distribution  at  steady  state, 
Vdss*  was  estimated  as  total  body  clearance  multiplied  by  mean 
residence  time  (MRTl 

RESULTS 

Twenty- four  patients  with  a  mean  age  of  53.3  years  were 
enrolled  on  this  Phase  i  study  at  to  University  of  Texas  M/D, 
Anderson  Cancer  Center,  with  the  enrollment  of  new  patients 
beginning  on  June  16,  1999.  and  continuing  through  March  30, 
2000.  Twenty-one  patterns  actually  received  both  paelkaxel  and 
lonafanttb  (Table  1).  Patients  were  predominantly  male  (67%) 
md  Caucasian  (92%),  with  KtonoMy  performance  status  of  90 
to  100  (?1%;  Table  2),  Slightly  moie  than  one-half  of  the 
patieuis  had  a  primary  diagnosis  of  NSCLC 

TmmU^  Among  aU  of  the  dose  levels,  92%  of  patterns 
spoiled  at  Itmx  one  toxicity  at  any  grade  and  54%  of  patients 
reported  at  least  one  grade  3/4  ireaimeti  t * emergent,  nottom&to- 
togieal  adverse  event  judged  to  he  related  to  the  study  drugs. 
The  most  common  tmutmau-rdated  treat  men  t-emergem  mmhz- 
tMtalogkal  Mverse  events  (indudiog  all  grades)  reported  were 
gastmimnstind  effects  in  92%  of  patients  (diarrhea  02%,  nausea. 
29%,  vomiting  50%,  constipation  46%,  stomatitis  38%,  abdom¬ 
inal  pain  295§);  fatigue  1.88%/  alopecia  (83%),  peripheral  neu¬ 
ropathy  (79%  ),  arthralgia  (7.1%-X  infections  and  infestmions  in 
50%  of  patients  (folliculitis  38%,  oral  candidiasis  13%%  pneu- 
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Subjects  (n) 

24 

Age  (yr) 

Median 

594S 

Range 

43-75 

Sex 

Men 

16(67%) 

W tmm 

8  (33%) 

Kamofoky  perfermance  amn*: 

Missing 

1  (4%) 

70-S5 

6  {25%) 

96-100 

17(71%) 

Bisinl^gy 

NSCLC* 

14  (58%) 

Salivary 

6(25%) 

HNSCt 

4(17%) 

PHor  itommhsnipy  {it  -  21) 

n 

Prior  laxane  (n  =  21) 

9 

;;  NSCLC,  non-stnah  cell  lung  mm;  tiNSCC.  bead  rtnd  neck 
cell  carcinoma. 
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Table 

i  Number  of  pstt&m*  with  lever 

£  (grade  3)  or 

lif&toa&miftg  (grade  4j  non  he 

maaidksgk ! 

toxicides 

Dose  level 

2  (n  - 

3)  Dose  level  3  (w  *  9) 

Dose  level  j 

Mt  *  5) 

Dsxse  level  4  (/j 

“  4) 

fo3ut  effect 

tirade  3 

Grade  4  Grade ' 

3  Grade  4 

Grade  3 

Grade  4 

Grade  3  Grade  4 

limncima. 

0 

0 

0 
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6 
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0 
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1 

2 
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0 

0 

l 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

1 

0 

O 

0 

a 

€ 

0 

0 

0 

tt 

2 

O 
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0 
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a 
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1 
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a 
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I 

0 

0 

0 

0 

a 

4  Humber  of  pauems  with  be 

matologtcal  to&idte  by  dose  level  during  rise 

■  t:re%t:mem.  period 

D«  few! 

t 

Dose  level  3 

Dose  level  3  A 

Duse-  levd  4 

T#xr£  effect  All 

Gcf  3 

ad  4 
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Gd  3 
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Ail  Od3 
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0 

7 

0 

1  2 

1 

1 
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0 

1  1 

0 
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0 
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i 

0  3 

0 

0 

2  0 

0 

*  <.*1  gr&ck- 


n  i:iC ? n t ; i  lS'  l.  }.  respiratory  lyfSeHt  cfeoiiififs  (63ft )«  anorexia  ($4%)»  prior  taxanc  (T&fete  2)*  Seven  of  the  9  patterns  previously 

f  ■  >.  weigh!  cta«Me  (29%);  dizziness  (25%d;  fever.  treated  with  a  taxane  had  disease  progression  on  or  within  3 
Wared  visum.  live;  and  Mary  system  disorders,  dehydration,  months  of  taxane-based  therapy,  and  10  of  13  predated 

w\a^a<  dry  ^uu2l°*  each),  AH  other  advme  events  occurred  patients  overall  had  progression  of  disease  on  or  within  3 

m,  ftwa  than  20%  of  patients.  Grade  3  and  grade  4  nonheim*  months  of  therapy 

tologicoi  ?03Lcinei  by  dose  level  are  listed  in  Table  3,  Fmtwd4)efined  DLT&.  Overall,  seven  patterns  had 

Hematological  toxicides  occurred  in  54%  (13  of  24)  of  DLTs  as  defined  by  protocol  No  DLTs  were  seen  ai  dose  level 

patients  -wtjII  Seven  p&tiems  (29%)  had  grade  3/4  henmto-  2.  Om  patient  at  dose  level  3  had  grade  3  biUrubinemia,  When 

■•>£.kcJ  mxidfc  Table  4  shows  that  my  grade  and  grade  3/4  the  dose  was  escalated  to  level  4  (150  mg  Bid,  lonafamib  and 

w*mm  m&umd  in  34%  (S  of  24;  and  4%  (\  of  24)  of  patients.  J75  mg/nr  pspliiaxel)  two  of  four  pattens  had  dose-limiting 

ri!S| wemmy:  am  and  grade  5/4  leukopenia  occurred  in  3S%  t9  toxic  effects  in  the  first  cycle  (one  grade  4  neutropenic  fever, 

of  24)  and  (5  of  24)  patients,  respectively;  and  any  and  one  grade  4  diarrhea).  We  then  introduced  dose  level  3  A  H25 

gnxk  3/4  neuimpenia  occurred  in  17%  (4  of  24)  and  13%  (3  of  mg  bid  of  kmatan#,  175  mg/m3  of  paditaxel)  to  determine 

24  :■  ci  patents,  respective!) .  Thrombocy  topenia  at  any  level  was  whether  an  intermediate  dose  level  would  he  tolerated.  At  this 

nm  observed  in  this  study  dose,  two  patients  had  grade  4  diarrhea  in  the  first  cycle.  All  of 

Both  hematological  and  non  hematological  toxic  effects  the  OLTs  were  reversible  on  modification  or  cessation  of  trest- 

wtm  fcixcralh  vn  i  I  u  md  were  firm  her  marc  coot  jo  an  nor  more  menu  On  the  basis  of  analysis  of  all  available  safety  data,  u  has 

severe  limn  t'mm  expected  with  p&clifc&xeL  Patients  had  a  been  determi tied  that  lonalamib  tOOmgbXd.  and  paditaxd  175 

median  of  prior  treatment  with  13  of  22  evaluable  pa-  mg/m4  is  appropriate  for  further  evaluation  in  patients  with 

acoii  kmm$  bid  prior  chemotherapy  ineiudjog  9  who  had  a  NSCLC. 


mie  5  Mim  coeflffcieni  of  variation)  pham^feinsdc  parameter*  of  tons  fore  ib 


Parameter 

[>o$e  level  2 

toe  level  3 

Dose  M  3A 

Du^e  ittvet  4 

<W*  «mi) 

Iffi  (25) 

%0(40) 

1394  OS) 

1267  (35) 

(hg  range 

5; 

3:  0-10 

4-12 

5:3-6 

re^h/mO 

5550  (51) 

S789  (32) 

12805  (36) 

15443  (NA) 

Ci/f  iml/ffijn) 

364  tS4) 

207(33) 

1SI  (36) 

165  (NA) 

fW 

2S6(M) 

S24<SJ) 

1010(47) 

'  €  .,iK;:...  piaum  ecmeeu^mfcm:  T^im  ti me  of  maximum  plasma  the  area  under  the  plasma  concentration  - 

■  ria-  ■  time  corre  fretn  nme  0  to  12  h,  CUP,  total  body  clearance  (Idnafamib);  €mm.  minimum  plasma  clearance. 


.W?2  pivs*  hsdim$l  m  Tns&imcnt  of  Solid  TaWfi 


“■■#*- D<w*Urv&i  2 


Mmt.  p&  1  JP)  plasma  lonan&raib  coocepmtai  after  multiple- 
. Tfti  of  tonafarab  m  combination  with  single-dose 

3  h  t  •  mmm&.  m:  pmhmxul  to  patients  with  solid  rumors. 


jt^rmacdiimJtias  of  Lofudarmb.  Nineteen  patients 
ImI  &»$fc  collected  for  phaiioacokmetie  evaluations,  Lana- 
forriih  was  slowly  absorbed  after  ami  administration  with  food. 
Medim  Fw  ranged  from  3  to  S  li  (Table  5;  fig,  3),  Hail- life 
:  .  could  not  be  estimate  in  this  study  because  of  the  lack  of 
.:  -h:*>mum  ^fumnal  phase  m  the  plasma  concentration- ver&uj- 
« «;  after  fo.i.d.  oral  admmimrasion  of  ta&f&nub  with 

’•  w , 1  >  cc  Fit.  *  ■  Me  an  plasma  kmaiarmb  qwemamioM  at  1 2  h 
alter  the  timt  were  -34-99%  of  the  mxtm^mmng  mean 
■,  aiues.  Toe  mum  total  body  ciear&n&e  ranged  fmm  16$  to  364 
:  li  rcm.  fhe  i meases  in  lonafamib  AUC  values  were  dose- 
rdji  -\!  aherirf :idmtnistrau os  of  100  rag*  12$  mgt  and  ISO  mg 
m  combmam  with  p$£lifsxcfT75  my/m2.  After  adimmstradon 
,  1  kmafamib  10(3  mg  with  p&ditaxei  175  mg/itr,  the  mean 
tonal  imib  f(TV,.  and  Al/T  values  were  higher  than  those  with 
;  ■  v..  :  T  mg/m  Howover*  given  the  variability  of  the  data 

vi  nd  sample  sskc,  ifte  d^mhmioo  of  individual  and  ATT 
values  encompassed  the  mme  range,  rcpidless  of  paditaxol 
ikm;  l  Fig,  4 1  The  Cmsx  mod  Al/C  values  obtained  m  this  trial 
wiih  hmammib  >00  mg  in.  oarahiMtion  with  paclftaxel  were 
>uriu  sir  to  those  obtained  in  previous  Phase  I  trials  m  which 
lonafamib  100  mg  was  idmmis&msd  alone  e  Table  6;  .Refs, 
-30 1  Thus*  these  ohxervitficms  suggest  that  a  single  dose  of 
cMim  1 35  mg/iiC  or  175  mg/m~  of  p&dit&xel  did  not  affect  the 
phuitmcokiaetics  of  loiiidantib. 

Pharmacokinetics  of  PadiuxeL  Plasma  padiULXd  can- 
.,  cm  rations  <  and  AUC)  were  similar  among  the  dose 
groups  (m  oaduivd  175  mg/tir  with  kmfamib  100  mg,  125 
org*  and  \ 50  mg  I  Table  7;  Figs,  5  and  5  k  There  appear  to  be  no 
cffec>  on  paelmtvd  plmormcok tactics  at  a  dose  of  175  mg/or 
jMcliiii.sei  when  ibe  Iona  rum  ih  dose  is  increased  fmm  1 00  mg  to 
1 50  Tiie  relationships  between  dose  and  padiiaxe)  or 
Af.(  •.  dues  were  disproportionate  after  ihc  administration  of 
pack  i  axel  135  mg/m*  and  175  mg/m"  in  combi  nation  with 
Icmafitniib  100  mg*  a  30%  increase  m  paclitaxcl  dost:  resulted  m 
m  increase  of  -74%  in  and  -87%  in  Af/C  This  finding 
presided  additional  evidence  for  the  nonlinear  disposition  for 
p&dit&xd,  as  noted  previously  (31), 

Plasma  padiUxd  concentrations  decreased  rapidly  im¬ 


mediately  after  cessation  of  die  3~h  infusion*  which  was 
followed  by  a  prolonged  terminal  phase  (see  Fig.  5),  The 
mean  terminal  elimination  im  o f  paditaxel  ranged  from  1.2  to 
{9  h  when  blood  samples  were  collected  up  to  48  h  postdose 
for  (he  first  17  patients*  The  mean  tm  was  —6  h  when  blood 
samples  were  collected  up  to  24  h  postdose  for  patients 
IB “24  (see  Table  7)*  The  6-h  half-life  was  similar  to  that 
reported  in  the  literature  (31),  The  Cmax  and  AUC  values 
obtained  in  this  study  were  similar  to  those  previously  re¬ 
ported  when  paciit&xel  was  given  alone  as  a  3-h  i*v*  in  fusion 
{Table  8;  Ref*  $1)* 

Clbiiotl  Activity*  The  median  number  of  treatment 
cycles  on  trial  was  eight  with  a  median  of  seven  cycles 
containing  padii&xel  Activity  was  seen  at  the  four  dose 
levels  studied  {%  3*  3A,  mid  4),  Niue  responses  were  durable* 
which  we  defined  m  a  response  detected  at  three  or  six  cycles 
and  confirmed  at  six  or  mghi  cycles,  with  median  response 
duration  of  6  months  (range*  4—14  months)*  Most  provoca¬ 
tively*  we  saw  meaningful  responses  m  three  patients  who 
had  received  prior  taxane-baaed  therapy*  including  two 
of  five  NSCLC  patients  who  met  the  standard  definition 
of  taxane  resistance  (progression  on  or  within  3  months 


e  - r- 

t  t  3A  4 

DqmLhvI 


fig,  4  Individual  and  mean  ( r  i  SD)  (A)  and  AUC^n  b  values 
i  B)  of  looafamib  after  mutepte-dase  am.  rnkmmtmxm  of  lanafimih  in 
combinmton  with  single-dose  vh  cv.  Mmm  of  paeU&axd  i e  patients 
with  tumors. 
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(.  iKtaAiuvaiu  plasms  ccnettwmUm:  4£/C,,  area  untier  the  plasma concfcatratkia  -  ™ -  time  curve  from. tense  Qsofe  final  cmanufteie 
sample  ^taf§30l&&'d  10  i n i j si 3 ! v .  f3-,  tenn.m&i  phase  half-life;  TA.  total  body  dearanci;  Vtl.  volume  of  distribution;  Vitte,  the  volume  ofdlstdbu iloa 

■M  timm 


squamous  cell  carcinoma*  two  of  the  ihneo  patterns  hail  a  partk I 
response*  and  the  one  patient  with  a  salivary  gland  tumor  had 
prolonged  disease  stabilisation  and  was  treated  for  30  cycles 
before  disease  progression.  No  stgmficam  associations  wore 
noted  between  response,  after  three  cycles  or  after  six  cycles  and 
the  dose  of  either  Icaafamib  (P  -  0.SI  P  -  0,70,  respectively j 
or  paclitaxcl  iP  ~  0 A9?  P  **  0.32t  respectively). 


TVr*  t?Vj 

-.1.  VL“dn  paditaxd  cun  ecu  trad  ons  ate  single -dose  3-h  i.v 

uifuufln  of  pad i  Easel  in  combination  with  nudiipl*Mlosc  oral  admints 
tra&on  of  lonafamib  io  patients  with  solid  tumors. 


of  taxane  therapy  j.  Only  4  of  21  patients  had  progressive 
divans  by  cycle  3.  although  all  21  patients  had  manifested 
disease  pm^ra^siton  within  3  months;  of  study  enrollment 
A!  to  cycle-  '■  assessment  interval  1  patients  demonstrated 
partial  response.  10  hud  minor  responses  or  stable  disease*  and 
-s  luia  prcigrcisivc  di mm  (Tablis  9).  Six  of  7  f espousal  were 
amfmmd  after  six  cycles.  When  total  responses  achieved  on 
.mdy  im  examined*  6  (50%)  of  the  12  parents  mth  NSCLC 
achieved  a  partial  .resimnse.  In  to  smting  of  head  and  tied; 


Draft  Uvo) 

%,  6  Individual  and  mean  {  r  I  SO)  values  of  padimd  ate 
ilngk-tee  3-h  Lv.  tn  fusion  of  padimxd  in  combination  with  multiple- 
dose  omJ  administration  of  lomfamib  to  paiieats  with  solid  rumors. 


■  ihh  6  fA&m  (eoerTuteu  of  variation!  |tonftB£oltaad$  parameter*  of  lonafarmb  ate  muldpksdose  administration  of  lo&a&rtab  100  mg  alone 

(previous  %%mm  l  m4m)  or  In  combs  notion  with  pachmxd  (this  study) 

Study 

/i 

(Ogftnl)  AW 

~M2  (ngHts/rai) 

This  study 

I«i  +  135* 

3 

760  (253 

5550(5.13 

This  study 

100  +  175'' 

S 

960  (40) 

nW  (32) 

Eriaatii  et  ul4 

i  mr 

3 

942  (58) 

7299  (75) 

Adjui  t(  mi1 

100 

l 

1680  (NA)  1 

t295.(NA) 

Hisrwiti  €f  at* 

100 

2 

784  (NA) 

6221  (NA) 

<  mmimm.  plasms  wnwemretiom  AU€^&  tbs.  ares  m 

ite  the  plasma  con 

centrauoa  -  -  time  curve  bum  time  0  m  12  h;  NA,  not 

AppvQ$mm  Ml  m& 

<  ?>, 

■  1  .onateib  &im  it 

Tig)  v  pacUtaxel  tee  (mg/mr). 

’  n  *  6 

'  Rc  i  34. 

"r  Louitemb  ato?  d 

1 

1 

'  Ref.  31. 

'ftef  33 

/i$k  7  Mean  (percentage  cocffident 

of  v&rmtkm)  ptetti 

iicokihedc  paiam^iers  of  padkaxd 

Parft.mf.ier 

Dave  kml  2 

Po&e  level  3 

Dose  level  3A 

Dose  level  4 

£«*“  («gfasii 

mi  (19) 

33&-0S) 

4258  (43) 

3515(38) 

,4lC,  (nyh/ral) 

9936  m 

18563(40) 

17526(38) 

17634(23) 

<.»  <W 

18.6(12) 

13,3  m 

5452(15) 

12.1  (24) 

C£  ( miy  mia/m‘3 

227  m 

1S2<43) 

m  (33) 

171  (19) 

Rd  (tor/m1 1 

365  m 

21 1  (47) 

S8.1  <35> 

174(9) 

Vdafj  (littr/nv) 

130(16) 

m6($4) 

40,2  (47) 

66.9(12) 
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■  i:.>  d  M-$m  of  vmatioG)  pfosnr&e&kinehe  pansmeim  of  paclitaxd  after  3-h  iv.  mmm  of  padimxeJ  135  mg/m*  ar  175  mghrf 

.1:  e^fctrssitta  with  muhipJe-dose  lanafemib  IDO  mg  bid.  125  mg  bLd.,  or  150  mg  bid  ‘(this  study)  or  alone  (previously  reported  study* 

Doxc  Study _  n  Cia^  (ag/ml)  AUC^  C^g^tel)  CL  (ml/tnm/nt1) 

This  study  3  1937  0$)  9936  (7)  227(8} 

OilMi  si  4  2818(12)  93 m  (IS)  247  (9) 

175  £6  3627  {46)  18309*  (34)  119  (U) 

_  lUm  Si  #£a  3 _  5033  (1.3) _  15797(16) _ _  m  ^ 

, . ., .  wumtim  plasm*!  cueicstdrahon;  At,/Ck,  area  under  the  plasma  cnucomration  -  versus  -  time  curve  from  lime  0  to  the  final  quantifiable 
s&jnpk,  tf&trapoiiited  to  infinity;  (X  i«Ul  body  clearance, 

*  Ref  35 

'  $  «  15. 


DISCUSSION 

Other  than  ibz  occasionally  4ose4kutmg  side  effect  of 
cltwtei*.  loitMarmb  did  not  seem  to  contribute  any  £igni  fleam 
mdt  emm  m  ikum  caused  by  pacKtaxcl  Patients  with  previous 
mum#he£&py  Bad  a  higher  ask  of  toxicity  +  The  substantial 
o\  edap  of  the  eight  90%  confidence  interval  s  is  duo  in  large  pan 
u*  hv  'i'u:I  simple  size  (ft  «  21  evaluable  patients),  The  only 
Ui.vei  name  trend  with  dose  Ls  an  increase  in  the  upp6r  confo 
donee  Uncut  with  increasing  total  combined  dose.  Seven  of  the 
eight  confidence  iotervaJs  contain  the  targeted  30%  toxicity 
Morv  pBsciK  eslium  of  the  probability  of  toxicity  would 
a  larger  sainpk  sbg.  The  MTD*  of  lonafamib  and 
pacikiaxol  m  this  trial  were  lower  than  the  doses  recommended 
for  either,  pgopi  akme  The  MTD  of  ion  alarm  b  alone  wax  deter¬ 
mine! f  to  be  280  mg  b.i,&  DLTs  in  studies  of  tautfarmb  alone 
we  -  geiifiraily  ximiki  to  those  seen  in  this  trial  and  in  eluded 
reversible  nenai  mxul  fluency  (elevated  creatinine  levels),  gas* 
iiooHeviiDil  symptoms  (diarrhea,  nausea,  vomidng,  rnmrmmh 
mil  b^oiaialogicrJ  toxic i ties  Phase  1  studies  of  paclioixd  have 
an  MTD  of  200  mg/m-  for  a  single  mnixnmm 
mtaitin  Lv.  regimen,  Myelosuppressicm  and  mmmndty  &m 


the  primary  DLTs  of  pacliuixeL  Severn  allergic  reactions  and 
skin  .rash  associated  with  the  vehicle  (ertmaphor  EL)  necessitate 
prarauniem  with  dexameth&sone,  diphenhydramine,  and  cime- 
tidine  or  ranitidine. 

No  pharmacokinetic  evidence  was  observed  dial  either 
paclttaxel  or  lonafamib  enhanced  the  metabolism  of  the  other 
agent,  The  pharmacokinetic  values  suggest  that  areas  under  the 
curve  of  both  drugs  were  achieved  in  the  naive  range.  The  target 
exposure  for  lonafamib  in  clinical  studies  wax  to  maintain  a 
predose  concentration  in  the  range  of  I™  1.5  based  on  die 
ooncenintioh  inquired  to  inhibit  anchorage -independent  growth 
of  a  series  of  human  tumor  cell  lines. 

We  saw  encouraging  clinical  activity  in  this  Phase  l  study 
of  combined  paeliiaxel  and  lonafamib,  confirming  the  predim 
leal  activity  previously  reported  for  this  combination  ( 14, 20*  22, 
32-34).  Several  Phase  l  studies  of  famesyltramfemse  inhibitors 
have  now  been  published  (28-30,  35-39).  Before  this  study,  a 
total  of  two  responses  have  been  documented  (one  each  with 
tipi&rmh  and  lonafamib)  in  previously  treated  pane  ms  with 
NSCLC  (29,  36).  The  activity  manifested  with  this  protocol 
using  fairly  moderate  dose-,  of  lonafamib  and  paduaxe!  is  more 


Talur  v  Clinical  activity  of  lanafuirub  m  cotnhiMticc  with  padlraxd 


Mm-  3  Cycle* 

I%msl  .;::'eS|Kf! 

Mtcc^ 

XmM:;::?  dfmm 
Not  mm*m$ 

Median  no,  of  iwti  cycles  <m  siudy; 
vkdmn  no,  of  paebtaxel  coupes  on  siody; 

A  her  6  u>  9  Cycles 
fetk  1 

Mim%  mspOTse 

Xiahlv  disease 

Not 

Msdma  no.  of  total  cvcks  on  study 
Median  no,  of  pnchtaxel  courses  m  study  ; 

A.c  v  fmpmm-  bv  Otology 

nmnc* 

msec 

Sahvary 


7  (3  previously  nvtated  with  taxancs; 

2  pahentx 

7  (4  previously  treated  with  mxanesi 
4  (2  previousiy  mealed  with  mxaites) 

3(1  did  noi  tolerate  lorafamib  at  125  mg  bid.) 

$.  (range*  2-30) 

7  (range*  2-30) 


5  patients  (3  previously  treated  with  t&Kanes} 
2  pnioMs 

6  (4  prevl^Iy  treated  with  tax^nes) 

2  (2  previously  mealed  with  dxanes) 

3 

8  (raog$*  2-30) 

7  (range*  2-30) 


\Si  :i.C  I  edi  1  mg  cancer,  PR.  response;  MR*  minor  response;  StD*  stable  disease;  PD,  progressive  disease;  HNSCC,  head 

3;h::  asfcx  ^qumrnm  cell  carcmoras, 

i-"  k  •  imietic,  (all  NSCLC)  were  amsidered  taxane-refraciory/resi slant.  PRs  were  seen  in  2  of  5  taxane-refrautory/reslximi  NSCLC  padems- 


12  padems  (6  PR,  3  MR  or  SiD,  3  ?Df 
3  {mmm  (2  PR,  i  Stm 
6  patients  ( l  PR,  4  StD,  1  PD) 
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$nhsi«smmf.  it  is  puflicadas&y  tats&ruiigi;  becuu^  little  it'  airy 
gvi&gnog  c-mms  Ut  vupptsrt  inttfficmy  of  m  a  second- 

Um  ngcsfjt  when  administered  m  a  34i  intobsi  $n  a  3- week 
cycle  M6-443* 

Qm  mmm  of  disease  stabiBmtkm  ihm  our  snal  nrvealed 
•••■;?>•  M%  mpmm  was  dramatic  in  an  meiraiNefy  pvt  creased 
rvsierwgencous  patient  population  with  progressive  disease  at  die 
uiri?  oi  stady  enrolbnent*  Recent  evidence  suggests  dint  the 
■uarulreaiku  of  NSCLC  may  lead  Lo  clinically  mcimingful  sur¬ 
vival  benefits' 

jis  couduxioa*  this  is  the  ftm  reported  clinical  study  of  the 
ci'tyKinuEion  vM  a  fax  an  e  with  a  farne&yltrsnsfeme  inhibitor  in 
hmm^  .solid  tumors.  Phase  I!  trials  of  the  combination  as  first- 
I mt-  and  second- \im  tbempy  of  stage  III  and  (V  NSCLC  are 
PiigiHiig  to  confirm  or  refute  our  data-driven  hypothesis, 
wamelj..  bat  Uwafamib  may  coMuca  laxiiie  senskmiy  and 
possibly  ovOTOrae  duucsti  rajuust  instance  in  solid  tumors, 
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Purpose 

Proplrylactia  cranial  irradiation  (PCI)  has  been  shown  to  provide  survival  benefit  in  patients  with 
limited  disease  small-cell  lung  esneor  (LD-SCLC)  who  have  achieved  complete  response,  How¬ 
ever,  PCI  may  also  produce  long-term  neurotoxicity  (NT).  The  benefits  and  risks  of  PCi  in  LD-SCLC 
are  evaluated. 

Methods 

We  developed  a  decision-analytic  model  to  compare  quality-adjusted  life  expectancy  (GALE)  in  a 
cohort  of  SCLC  patients  who  do  or  do  not  receive  PCI  by  varying  survival  rates  and  Ihe  frequency 
and  severity  of  PCI-related  NT.  Sensitivity  analyses  were  applied  to  examine  the  robustness  of  the 
optimal  decision. 

Results 

At  current  published  survival  fates  {26%  5-year  survival  rate  with  PCI  and  22%  without  PCI)  and  a  tow 
NT  rate,  PC]  offered  a  benefit  over  no  PCJ  (GALE  -  4,31  and  3,70  for  mild  NT  severity;  GALE  =  4,09 
and  3.70  for  substantial  NT  severity,  respectively).  With  a  moderate  NT  rate,  PCI  was  still  preferred.  If 
the  PCI  survival  rate  increased  to  40%,  PCI  outperformed  no  PCI  with  a  mild  NT  severity.  However,  no 
PCI  was  preferred  over  PCI  (GALE  =  5.72  v  5,47)  with  substantial  NT  severity.  Two-way  sensitivity 
analyses  showed  that  PCI  was  preferred  for  low  NT  rates,  mild  NT  severity,  and  low  long-term  survival 
rates,  Otherwise,  no  PCI  was  preferred. 

Conclusion 

The  current  data  suggest  PCI  offers  better  GALE  than  no  PCI  in  LD-SCLC  patients  who  have 
achieved  complete  response.  As  the  survival  rate  for  SCLC  patients  continues  to  improve,  NT 
rate  and  NT  severity  must  be  controlled  to  maintain  a  favorable  benefit-risk  ratio  for 
recommending  PCI, 
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The  brain  is  recognized  as  a  frequent  site  of  metas¬ 
tasis  in  small-cdl  lung  cancel'  (SCLC)  patients.  Ap¬ 
proximately  14%  to  24%  of  SCLC  patients  have 
demonstrable  CNS  metastascs  at  initial  presentation, 
usually  in  combination  with  other  extrathoracic 
sites,12  Even  after  initial  response  to  chemotherapy* 
die  incidence  of  clinically  detectable  brain  metasta- 
ses  increased  with  increased  length  of  survival  and 
reaches  50%  at  2  years.3*'1  With  autopsy  cases  in¬ 
cluded*  CNS  metastases  can  be  as  high  as  80%  at  2 
years  .s  Moreover,  treatment  of  brain  metastases  is 
unsatisfactory—  only  about  half  of  patients  achieve 
a  useful  palliation  after  whole-brain  irradiation,  and 
median  survival  is  less  than  3  months  after  metasta¬ 
sis  to  the  brain,6  In  considering  the  poor  outcome  of 
patients  who  developed  brain  metastases,  Hansen7 
proposed  prophylactic  brain  irradiation*  later  re¬ 


named  prophylactic  cranial  irradiation  (PC1)>  for  all 
patients  with  SCLC, 

During  the  last  three  decades,  there  has  been 
much  debate  on  whether  and  how  PCI  should  be 
used  in  the  management  of  SCLC,  The  point  of 
contention  centers  on  the  determination  of  the  risks 
of  short-term  and  long  term  toxicity  and  benefits  of 
reduction  in  brain  metastasis  and  prolonging  overall 
survival  by  PCI.  because  of  the  intense  research3' 3 1 
and  two  recent  meta- analyses 32,33  a  general  consen¬ 
sus  has  been  reached  in  the  following  areas:  PCI  is 
recommended  for  patients  with  limited  disease  (LD) 
SCLC  who  have  achieved  complete  response  (CR); 
the  commonly  accepted  dose  of  PCI  ranges  from  24 
to  36  Gy,  with  once-daily  or  twice-daily  fractions 
equal  to  2  to  3  Gy/d;  PCI  and  concomitant  chemo¬ 
therapy  can  increase  toxicity  and  should  be  avoided; 
PCI  significantly  reduces  thensk  of  brain  metastasis 
by  approximately  50%  (hazard  ratio,  0.46 32  and 
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0.4833);  PCI  prolongs  survival  (hazard  ratio  for  mortality,  G,E432  and 
0.S233);  and  acute  radiation-induced  toxicities  are  typically  mild  and 
resolved  witliin  a  few  months. 

Despite  the  above-described  advancements,  only  limited  data  on 
long-term  PCI  toxicides  are  available,^  29  To  date,  there  are  no  reli¬ 
able  data  to  estimate  the  frequency  and  severity  of  the  long-term 
toxicities  induced  by  PCI,  PCI  is  now  routinely  recommended  for 
those  patients  who  achieved  CR  to  chemotherapy.  These  patients  may 
be  at  increased  risk  of  chronic  neurotoxicity  (NT)  because  they  have  a 
greater  potential  for  long-term  survival.  Moreover,  as  more  effective 
chemotherapy  and  combined  diemo radiation  improves  the  overall 
outcome  and  long-term  survival  of  SCLC  patients,  the  potential  risk  of 
chronic  NT  will  be  greater  and  the  quality  of  life  (QOL)  becomes  a 
more  important  consideration  among  the  long-term  survivors, 

The  purpose  of  this  study  was  to  explore  tire  benefits  and  risks  of 
PCI  in  LD-SCLC  patients  who  have  achieved  CR.  We  examine  the 
benefit -risk  ratio  of  PCI  by  varying  the  cure  fraction,  NT  rate,  and  the 
severity  of  NT,  We  postulate  that  in  those  subpopulations  with  higher 
cure  fractions  (we  use  5-ycar  survival  as  a  surrogate  for  cure  fraction), 
there  will  be  increased  risk  and  severity  of  NT,  thus  making  the  opti¬ 
mal  decision  uncertain.  We  use  a  decision -analysis  framework  to 
model  the  trade  off  between  survival  and  NT*  The  benefit  of  PCI  is 
assessed  by  varying  the  long-term  survival  rate  and  the  rate  and  sever¬ 
ity  of  NT  using  a  simulation.  Given  that  PCI  has  become  a  standard 
treatment  for  LD-SCLC  patients  who  have  achieved  CR,  it  is  no  longer 
ethical  to  conduct  randomized  controlled  trials  including  an  arm  with 
no  PCI,  The  decision-theoretic  framework,  then,  is  established  to 
provide  an  analytic  assessment  of  the  overall  value  of  PCI,  The  impli¬ 
cations  and  future  directions  are  also  discussed, 
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We  examined  the  quality-adjusted  life  expectancy  (QALE)  for  patients  receiv¬ 
ing  PCI  and  compared  their  QALE  with  patients  not  receiving  PCI  after 
considering  the  impact  of  NT  on  QOL34  A  decision-analytic  model  was  used 
to  compare  QALE  in  the  gioups  treated  with  PCI  and  no  PQ  using  a  large 
cohort  {N  “  100,000)  of  simulated  patients,  To  incorporate  the  impact  of 
chronic  NT  on  the  QOL  of  PCL  treated  patients,  QALE  was  calculated  based 
on  the  fol lowing  assumptions. 

Survival  Functions 

Results  from  reported  meta-analyses32*33  were  used  to  determine  the 
benefit  of  PCI  therapy  relative  to  no  PCI,  The  relative  failure  rate  (RFR)  of  PCI 
to  no  PCI  at  5  years  was  estimated  at  54.2%  (31%  and  36%  for  PCI  and  no  PCI, 
respectively).  Because  heterogeneous  patient  populations  were  included  in  the 
meta-analyses,  5 -year  survival  rates  for  PCI  patients  with  LD  were  obtained 
from  a  recently  reported  Intergroup  SCLC  study.35  Specifically,  the  5-year 
survival  rate  for  the  PCI  group  was  26%  and,  with  the  RFR  of  94.2%,  we 
calculated  the  updated  no  PCI  5 -year  survival  rate  to  be  22%.  Survival  times  in 
oor  simulation  were  modeled  using  a  truncated  log-normal  distribution  in  the 
first  15  years.  After  15  years,  the  survival  distribution  of  long-term  lung  cancer 
survivors36  was  assumed.  The  5-year  relative  benefit  of  PCI  to  no  PQ  was  held 
constant  in  our  sludy*  The  log-normal  assumption  fit  well  with  tlie  survival 
data  for  die  LD-SCLC  patients  who  have  achieved  CR,37 

Assumptions  for  the  Onset  and  Frequency  of  NT 

It  is  a  challenge  to  provide  an  accurate  estimate  of  the  onset  and  fre¬ 
quency  of  NT  induced  by  PQ.  Fifteen  percent  to  more  than  90%  of  the  SCLC 
patients  show  cognitive  dysfunction  and  impairment  of  neuropsychological 
assessment  before  PCL27*38  Chemotherapy,  aging,  paraneoplastic  syndromes, 
micrometastases,  and  so  on  can  complicate  the  issue  further.  Significant  NTs 
were  reported  when  PCI  was  used  in  the  past.  For  example,  one  study  showed 
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that  63%  of  the  patients  receiving  PCI  had  NT  occurring  as  late  as  54  months 
after  irradiation!3^11  Most  severe  toxkities  were  associated  with  high  PCI  dose 
of  more  than  40  Gy  and/or  concomitant  chemotherapy.  Since  then,  the  PCI 
regimen  has  been  modified,  Recent  literature  showed  that  PCI-induced  NT  is 
much  reduced.  In  fact,  two  randomized  trials  showed  that  there  was  no 
noticeable  NT  within  the  first  2  years  of  PCI.  There  were,  however,  no  suffi¬ 
cient  data  to  estimate  die  long-term  toxicity.26,79  A  recent  report  indicating 
that  among  the  nine  patients  who  survived  for  more  than  5  years  after  Pd,  two 
had  impairment  of  memory  and  two  had  dizziness.  One  of  eight  patients 
underwent  computed  tomography  or  magnetic  resonance  imaging  showed  a 
mild  cortical  atrophy  in  the  brain.42 

We  explored  various  possibilities  of  NT  rates  and,  among  them,  two 
cases  were  studied  in  depth:  Lhe  low  NT  rate  model  and  the  moderate  NT  rate 
model,  corresponding  to  30%  and  50%  latent  NT  rates,  respectively.  Given 
that  most  patients  do  not  survive  long  enough  to  experience  NT,  when  tire 
5-year  survival  rate  for  Pd  group  was  26%,  a  30%  latent  NT  rate  resulted  in 
7*3%  of  the  observed  NT  and  a  50%  latent  NT  rate  resulted  in  a  13%  of  the 
observed  NT*  These  assumptions  are  consistent  with  the  results  showing  i 
5 -year  NT  of  10%,24  Hie  functional  form  of  NT  rate  is  listed  in  Appendix  1. 

Assumption  for  the  Effect  of  NT  on  QOL 

Because  NT  is  degenerative  in  nature,  we  constructed  a  decreasing  QOL 
utility  function,  with  a  utility  of  1  corresponding  to  a  fully  functional  life 
without  NT  after  patients  were  treated  for  their  SCLC  and  achieved  Ql,  and  a 
utility  of  0  corresponding  to  death.  Patients  who  developed  NT  after  PCI  will 
have  a  utility  between  0  and  1  depending  on  the  severity  of  NT*  We  study  two 
different  settings  depicting  a  case  in  which  utility  decreases  only  mildly  and 
another  case  in  which  utility  decreases  substantially  over  time  using  mixtures 
of  exponential  functions  (Appendix  2).  The  minimum  utility  for  the  mildly 
and  substantially  decreasing  cases  were  set  at  0.7  and  0.4,  respectively.  ’Fhe 
average  QOL  utility  functions  during  years  after  PCI  treatment  are  plotted  in 
Figure  1.  For  the  low  NT  rate  (Fig  1  A),  scenarios  I  and  2  showed  that  average 
QOL  utility  decreased  to  0*91  and  0,82  by  year  15  with  mild  and  substantial 
NT,  respectively.  Similarly,  for  the  moderate  NT  rate  (Fig  IB),  scenarios 
3  and  4  illustrated  that  the  average  QOL  utility  decreased  to  0,85  for  the  mild 
NT  case  and  0.70  for  the  substantial  NT  case  by  IS  years.  Consistent  with 
clinical  observation,  the  average  utility  dedine  in  the  first  2  years  was  minimal 
in  all  scenarios. 

QALE 

The  relationship  between  QOL  and  survival  is  summarized  by  the  QALR 
In  our  simulation,  let  N^bc  the  total  number  of  patients  receiving  PCI  and  let 
5,  be  the  observed  survival  time  (in  days)  for  the  *th  patient.  To  estimate  the 
QALE  we  first  need  to  estimate  the  quality-adjusted  life  years  for  the  ith  patient 
(QALYJ  receiving  PCI,  which  is  defined  as 

£  u, 

QM-Y'=Ss 

where  Ujj  is  the  utility  for  the  fth  patient  on  the  jth  day  for  i=l,. ,  and 
7=1,,.^ 

We  obtain  the  QALE  by  taking  lhe  average  of  the  QALY  values  for  all 
patients  receiving  PCI 
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Sensitivity  Analysis 

Sensitivity  analysis  was  conducted  by  varying  the  parameters  of  simula¬ 
tion  studies  to  provide  a  comprehensive  assessment  of  the  benefit-risk  ratio  of 
PCI.  The  values  and  ranges  of  parameters  evaluated  were  5-year  survival  rates 
in  the  no-PCI  groups  (22%  or  36%,  and  in  a  more  general  case,  ranging  from 
IG%  to  70%);  latent  NT  rate  (30%  and  50%  corresponding  to  low  and  mod¬ 
erate  observed  NT,  respectively,  and  in  a  more  general  case,  ranging  from  10% 
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Fig  1.  Utility  Junctions  reflecting  avorago 
quality  of  life  (QOU  over  time  for  four 
scenarios  with  low  and  moderate  neuro¬ 
toxicity  {NT|  rates  and  mlid  and  substantial 
severity  of  NT.  The  average  QOL  utility 
decreases  by  1 G  yeans  after  prophylactic  cranial 
irradiation  {PCIJ  for  scenarios  1,  2,  3,  and  4  are 
01%,  82%,  85%,  and  7Q%,  respectively 


to  70%);  and  decrease  of  utility  function  (mildly  or  substantially  decreasing 
utility  cases,  as  described).  Multiple  scenarios  were  generated  by  varying  die 
cure  rate,  latent  NT  rare,  and  NT  severity  level.  By  varying  the  5 -year  survival 
rate  in  the  uo-PQ  group  and  the  latent  NT  rate,  two-way  sensitivity  analysis 
was  performed  to  evaluate  the  benefit-risk  of  PCI  and  no  PCI  using  QALE  as 
the  outco  me  measure,  A  wide  range  of  parameters  were  evaluated;  thus,  the 
findings  from  each  scenario  could  be  viewed  as  results  obtained  from  specific 
subpopulations  or  from  future  SCLC  patients  with  better  survival  outcome. 


RESULTS 


Quality-Adjusted  Survival  and  QALE 

Quality  “adjusted  survival  curves  for  various  NT  rates  and  5-ycar 
survival  rates  are  shown  in  Figures  2  and  3  for  the  low  and  moderate 
NT  rate,  respectively.  Estimated  survival  curves  for  PCI  without 
NT  were  included  for  reference  purposes.  Figure  2A  shows  that  for 


Fla  &  Quality-adjusted  survival  curves  for 
prophylactic  cranial  irradiation  (PD)  and  no- 
PCI  groups  with  a  latent  30%  neurotoxicity 
(NT)  rate.  Mildly  decreasing  utility  assuming 
(AJ  22%  cum  rate  and  (B)  36%  cure  rate  in 
tho  no  PCI  group.  Substantially  decreasing 
utility  assuming  fQ  22%  cure  rate  and  (D) 
36%  cure  rate  in  the  no  PCI  group. 
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Fig  3.  Quality  adjusted  survival  curves  for 
prophylactic  cranial  irradiation  (PCI}  and  no 
PCI  groups  with  a  latent  50%  neurotoxicity 
{NT)  rate,  Mildly  decreasing  utility  assuming 
{A)  22%  euro  rato  and  IBJ  30%  Cure  role  In 
the  no  PCI  group.  Substantially  decreasing 
utility  assuming  (C>  core  rate  and  (D) 
3G%  euro  rate  in  the  no  PCI  group.  GALE, 
quality-adjusted  life  expectancy. 


scenario  I,  with  low  NT  rate  and  mild  NT  severity,  PCI  is  always  belter 
than  no  PCI  when  the  5-year  survival  rate  is  22%  in  the  no-PCI  group 
(26%  in  the  PCI  group)  even  after  adjusting  for  NT,  The  QALE  (in 
QALYs)  of  the  PCI  group  is  16%  better  than  that  in  the  no-PCI  group 
(4,31  for  PCI  v3  JO  for  no  PCI).  Figure  2B  showed  that  the  QALB  of 
thePCIgroup  is  9%  better  than  that  ofthe  no-PCI  group  (6.22  for  PCI 
y  5,72  for  no  PCI)  when  thecure  rate  in  the  no-PCI  group  increased  Lo 
36%.  With  substantial  NT  deficit,  benefit  in  QALB  of  PCI  was  1 1% 
compared  with  that  of  no  PCI  (4*09  for  PCI  v  3.70  for  no  PCI)  with 
22%  cure  rate  (Fig  2C).  The  loss  in  benefit  of  the  PCI,  however,  can  be 
seen  in  Figure  2D  when  the  cure  rale  in  the  no -PCI  group  increased  to 
36%  with  substantial  NT,  QALB  for  the  PCI  group  was  only  2%  better 
than  that  of  the  no -PCI  group  (5.85  for  PCI  v  5.72  for  no  PCI),  Note 
that  the  quality-adjusted  survival  curves  of  PCI  and  no  PCI  crossed 
after  1 1  years,  indicating  the  loss  of  benefit  of  PCI  in  long-term  survi¬ 
vors,  In  summary,  with  a  low  NT  rate,  PCI  is  better  than  no  PCI  in  all 
scenarios  depicted  in  Figure  2  except  for  long-term  survivors  after  II 
years  (Fig  2D).  As  the  5-ycar  survival  rate  increases  or  the  severity  of 
NT  increases,  the  benefit  of  PCI  over  no  PCI  becomes  less  evident. 

In  Figure  3,  the  adjusted  survival  plots  were  calculated  assuming 
the  moderate  NT  rate,  QALE  is  still  better  for  PCI  group  in  mild  NT 
(Fig  3A:  QALE,  4.22  for  PCI  v  3  JO  for  no  PCI,  14%  better  in  PCI 
group;  Fig  3B:  QALE,  6.09  for  PCI  v  5.72  for  no  PCI,  6%  belter  in  PCI 
group)  assuming  22%  and  36%  of  cure  rates  in  the  no -PCI  group, 
respectively.  The  QALE  is  still  4%  better  in  the  PCI  group  compared 
with  the  no- PCI  group  in  Figure  3C  when  the  cure  rate  in  the  no-PCI 
group  is  22%  with  moderate  NT  and  substantial  NT  severity,  although 
the  curves  crossed  after  10  years  of  follow-up.  The  pronounced  effect 
of  NT  becomes  apparent  between  years  10  and  15  (Fig  3D)  when  the 
cure  rate  in  the  no-PCI  group  reaches  36%  with  moderate  NT  rate  and 
substantial  NT  severity.  As  a  result,  the  QALE  is  4%  lower  in  PCI 
group  compared  with  the  no-PCI  group  (QALE,  5.47  for  PCI  v  5.72 
for  no  PCI),  Ail  panels  show  that  PCI  is  better  than  no  PCI  for  the  first 
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8  years,  As  patients  continue  to  survive,  it  can  be  seen  that  quality- 
adjusted  survival  is  more  affected  during  later  years  when  the  cumu¬ 
lative  effects  of  NT  and  its  severity  are  experienced  fully. 

Two-Way  Sensitivity  Analysis 

Figure  4A  gives  a  contour  plot  showing  the  regions  in  which  no 
PCI  is  preferred  (gray-shaded  area)  or  PCI  is  preferred  (open  area 
without  shading)  when  utility  is  assumed  to  decrease  mildly  during  15 
years.  In  this  case,  at  current  5-year  survival  rates  of  22%  for  the 
no-PCI  group,  it  is  dear  that  PCI  is  overwhelmingly  preferred  versus 
no  PCI  except  in  extreme  cases  when  the  latent  NT  rate  and  the 
survival  rate  are  extremely  high  (for  example,  when  both  of  them  are 
>  60%).  In  all  cases  when  the  latent  NT  rate  is  less  than  54%  or  5-ycar 
survival  rate  is  less  than  46%,  PCI  is  preferred. 

Similarly,  Figure  4B  shows  the  regions  in  which  no  PCI  is  pre¬ 
ferred  or  PCI  is  preferred  when  utility  is  assumed  to  decrease  substan¬ 
tially  during  15  years,  At  current  5-year  survival  rates  of  22%  for  the 
no-PCI  group,  PCI  is  preferred  except  when  the  latent  NT  rate  is 
higher  than  53%.  When  the  survival  rate  for  the  no- PCI  group  in¬ 
creased  to  36%,  PCI  is  preferred  when  latent  NT  rate  is  less  than  37%. 
At  a  30%  latent  NT  rate,  the  5 -year  survival  rate  for  the  no-PCI  group 
must  be  at  least  43%  (PCI  survival  rate  of  46%)  before  no  PCI  is 
preferred  versus  PCL  At  a  latent  NT  rate  of  50%,  no  PCI  is  preferred 
when  the  5-year  survival  rate  for  the  no -PCI  group  is  26%  (PCI 
survival  rate  of  30%)  or  higher. 


The  current  study  has  addressed  key  points  relevant  to  the  issues  that 
physicians  should  consider  before  recommending  PCS  therapy  to 
SCL.C  patients  who  have  achieved  CR.  Under  various  scenarios  we 
showed  that  the  benefit  of  PCI  relative  to  noPCI  depends  on  the  rate 
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5-Year  Siuvtvat  Rsia  la  No-PGI  Gjoitp 


5-Year  Survival  Rb13  In  No-PCI  Group 


Ffg  i  Two-way  sensitivity  analysis  by 
vagina  S-yesr  survival  rate  in  no  PCI  group 
and  latent  neurotoxicity  rate  with  (A)  mildly 
decreasing  utility,  end  {6}  substantially  do- 
creasing  utility,  respectively.  The  white, 
open  area  indicates  the  region  where  PCI 
is  preferred:  the  gray,  shaded  area  indi¬ 
cates  where  no  PCI  is  preferred. 


aod  severity  of  NT  and  the  cure  fraction .  Our  analysis  supports  the 
current  standard  practice  of  giving  PCI  to  LD-SCLC  patients  who 
have  achieved  CR,  assuming  that  the  NT  rate  is  low  and  the  toxicity  is 
mild.  As  the  5-year  survival  rates  incr  ease  due  to  improved  therapies* 
PCI  may  have  inferior  QALE  relative  to  no  PCI,  Furthermore,  there 
may  be  subsets  of  patients,  who  because  of  their  baseline  characteris¬ 
tics  (such  as  younger  patients  and  females),  having  higher  cure  poten¬ 
tial  than  the  average  patients,  A  better  understanding  of  the  extent  and 
severity  of  long-term  NT  would  permit  us  to  better  delineate  the  most 
appropriate  treatment  options  for  those  patients. 

As  reported  in  the  li  terature,  increase  in  the  total  dose  and  higher 
dose  fractionation  reduces  the  CNS  relapse  rate.  However,  because 
liigher  dose  fractions  potentially  are  associated  with  increased  risk  of 
NT,  a  total  dose  of  24  to  36  Gy  given  during  2  to  3  weeks  has  become 
more  widely  recommended.46’53  How  the  modification  of  total  dose 
and  dose  fraction  schedule  will  affect  efficacy  and  the  rates  of  NT  is 
unclear,  but  perhaps  the  ongoing  Radiation  Therapy  Oncology  Group 
study  (RTOG  0212)  will  help  clarify  the  issue.  The  latent  NT  rate  and 
the  severity  of  toxicity  are  also  critical  in  determining  the  relative 
benefit  of  administering  PCI.  Our  analysis  suggests  that,  with  the 
cu  rrent  survival  rate,  if  we  have  mildly  decreasing  utility,  PCI  is  always 
preferred.  But  with  substantially  decreased  utility,  no  PCI  can  yield 
higher  QALE  if  the  latent  NT  rate  is  53%  or  higher* 

PCI  is  a  cost-effective  treatment,  which  improves  the  QOL- 
adjusted  survival  for  LD-SCLC  patients  who  achieved  CR  and  is  con¬ 
sidered  a  standard  treatment  for  this  patient  population,43'53  Our 
decision  analysts  conforms  to  tire  prevailing  view  that  the  benefit  of 
PCI  outweighs  the  risk  and  offers  better  QALE  based  on  the  current 
data.  As  die  systematic  therapy  continues  to  improve,  however,  it  is 
possible  that  PCI  may  result  in  inferior  QALE  when  the  cure  fractions 
are  substantially  higher  than  die  current  level  (eg,  when  5-year  survival 


of  the  no -PCI  group  is  greate  r  than  43%  with  substantial  NT  at  a  30% 
latent  NT  rate). 

The  validity  of  ou  r  decision  ana  Lysis  depends  on  th  e  ass  umptions 
of  the  models  and  their  parameters.  The  assumption  dial  RPR  of  the 
PCI  group  is  94.2%  of  the  no -PCI  group  could  vary.  Because  of  the 
inherent  nature  of  PCI  {ie,  because  its  therapeutic  effect  is  localized  to 
the  irradiated  brain  without  any  conceivable  effects  on  the  systemic 
disease),  one  may  consider  the  PCI  effect  as  a  constant  rather  than  a 
fixed  proportion  in  long-term  survivors.  As  the  cure  rate  increases,  the 
fixed -proportion  assumption  on  RFR  could  err  on  the  side  of  favoring 
PCI.  Conversely,  one  may  argue  that  Lhe  effect  of  PCI  should  be  more 
pronounced,  particularly  in  LD-SCLC  patients,  because  a  higher  pro¬ 
portion  of  treatment  failure  occurs  in  the  brain  compared  with  that  in 
patients  with  more  extensive  diseases.  In  addition,  assumptions  on  the 
long-term  toxicity  of  PCI,  including  the  frequency  and  severity  of 
toxicity  and  the  QGL  measures  in  patients,  may  vary  as  well,  The 
long-term  toxicity  data  should  be  docu  men  ted  prospectively  and  sys¬ 
tematically  to  provide  more  specific  information  in  evaluating  the  risk 
and  benefit  of  PCI, 

In  summary,  the  role  of  PCI  in  SCLC  patients  needs  to  be  re¬ 
viewed  critically  as  survival  rates  increase,  especially  for  those  patients 
who  have  achieved  CR,  and  therefore  have  a  greater  potential  for 
long-term  survival  Additional  efforts  arc  needed  to  increase  the  effec¬ 
tiveness  of  tumor  control  while  reducing  the  long-term  toxicity  to 
make  PCI  as  safe  and  effective  as  possible.  In  addition,  with  the  in¬ 
creasing  understanding  of  the  molecular  profile  and  its  association 
with  the  likelihood  of  developing  brain  metastasis  and/or  the  suscep¬ 
tibility  to  PCI-induced  NT  in  patients  with  SCLC,  tailored  treatment 
regimens  can  be  developed  to  maximize  the  efficacy  while  minimizing 
the  potential  toxicity,54,55 
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Randomized  Phase  II  Designs  in  Cancer  Clinical  Trials: 
Current  Status  and  Future  Directions 

/.  Jack  Lee  and  Lei  Feng 

A  R  V  T  R  A  C  T  >  .  ;.j 

Purpose 

Randomized  phase  II  (RPh2)  designs  are  popular  In  cancer  clinical  trials  because  of  the 
smaller  sample  size  requirements  when  multiple  treatments  arc  being  evaluated,  Wg 
reviewed  the  use  of  RPh2  designs  and  give  comments  on  future  directions. 

Design 

The  trial  design,  statistical  properties,  conduct,  data  analysis,  results,  and  reporting  were 
examined  in  RPh2  trials  reported  from  1986  to  2002. 

Results 

A  statistical  design  was  reported  in  only  46%  of  the  268  cancer  trials,  and  approximately  half 
of  those  provided  inadequate  information.  Most  studies  applied  randomization  to  achieve 
patient  comparability,  while  embedding  a  one-sample  phase  II  design  within  each  treatment 
arm.  Seventy-five  percent  of  the  trials'  accruals  were  within  ±  10%  of  their  targets.  The 
average  accrual  rate  was  3.3  patients  per  month.  Planned  interim  analyses  were  reported  in 
27%  of  the  trials,  and  66%  of  the  trials  were  stopped  early;  69%,  13%r  13%,  and  4%  of  the 
trial  discontinuations  were  because  of  lack  of  efficacy,  efficacy,  toxicity,  and  slow  accrual, 
respectively.  Thirty-nine  trials  (14%)  recommended  or  started  phase  III  evaluations,  with  four 
positive  reports  in  six  phase  111  studies  identified. 

Conclusion 

There  is  a  trend  of  increasing  use  of  RPh2  designs  in  cancer  research.  Continued 
improvement  in  study  design,  conduct,  analysis,  and  reporting  is  required  to  enhance  the 
quality  of  BPh2  designs.  The  accrual  rate  and  success  rate  of  the  trials  remain  low,  and 
therefore,  futility  stopping  rules  to  terminate  ineffective  treatment  arm[s)  should  be 
implemented  mom  frequently.  More  innovative,  flexible  RPh2  designs  are  needed  to 
facilitate  the  development  of  effective  cancer  treatments, 

J  Clin  Oncol  23:4450-4457.  ©  2005  by  American  Society  of  Clinical  Oncology 


Phase  II  trials  play  a  pivotal  role  in  anticanoer 
drug  development  .After  the  determination 
of  a  drug's  safety  profile  and  appropriate 
dosage  levels  in  phase  I  studies,  phase  IT 
trials  are  conducted  to  provide  initial  assess¬ 
ments  of  treatment  efficacy  (phase  1 1  A)  and 
to  identify  promising  agents  to  send  to  phase 
III  for  additional  evaluation  (phase  IIB),U 
The  use  of  high-throughput  technology  in 
screening  natural  and  synthetic  compounds 
and  the  development  of  molecular  target 


agents  has  resulted  in  a  dramatic  increase  in 
the  number  of  potential  anticancer  drugs 
under  study.  It  has  been  estimated  that  more 
than  400  new  compounds  are  now  available 
for  testing.3  Despite  the  large  number  of 
potential  drugs  to  be  tested,  the  percentage 
of  patients  enrolled  onto  clinical  trials  re- 
mains  at  a  dismal  rate  of  3%  to  5%  among  the 
potentially  eligible  patient  population.4  Von 
Hoff5  reported  that  only  29  of  die  280  new 
agents  (10%)  brought  into  phase  I  trials  from 
1975  to  1994  were  eventually  approved  for 
clinical  use.  These  findings  of  limited  patient 
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resources,  low  success  rates,  and  large  numbers  of  potential 
agents  indicate  that  phase  II  trials  should  be  designed  and 
conducted  to  effectively  eliminate  the  inefficacious  agents  and 
efficiently  use  the  scarce  resources, 

Many  phase  II  designshave  been  proposed  to  address 
these  needs.  For  phase  IIA  trials,  Gehan’s  design/  Simon's 
two-stage  designs/  and  Fleming's  two-stage  design3  are 
among  the  most  commonly  used  methodologies  for  testing 
ffie  efficacy  of  a  single  treatment  regimen  (ic,  one-arm  design), 
In  addition,  three-stage  designs9’ 10  and  several  variations  of  the 
Bayesian  design11"13  have  also  been  proposed,  The  primary 
end  point  is  typically  the  rate  of  short-term  tumor  response. 
These  methods  are  based  on  statistical  hypothesis  testing  that 
compares  the  response  rale  with  a  preselected  fixed  target  By 
controlling  both  type  1  and  type  II  error  rales,  inefficacious 
regimens  can  be  screened  out  {subject  to  a  small  type  I  error 
rate),  whereas  promising  regimens  can  be  recommended  for 
additional  evaluation  (ensured  by  sufficiently  high  power  or  a 
small  type  II  error  rate). 

For  phase  I  IB  trials,  two  or  more  regimens  demonstrat¬ 
ing  initial  efficacy  are  compared.  Formal  hypothesis  testing 
comparing  the  response  rates  between  different  regimens 
may  require  a  prohibitively  large  sample  size.  Alternatively, 
the  Simon,  Wittes,  and  Elienberg  (SWE)  design14  compares 
the  response  rates  in  multiple  treatment  arms  through  a 
ranking  and  selection  procedure.  On  the  surface,  this  "play- 
the-wmner”  method  may  appear  to  be  efficient  compared 
with  the  hypothesis  testing  method.  For  example,  146  pa¬ 
tients  per  arm  are  required  for  testing  response  rates  of  10% 
v  25%  with  90%  power  and  two-sided  5%  type  1  error  rate. 
Conversely,  SWE  design  only  required  21  patients  per  arm. 
However,  the  type  I  error  rate  for  SWE  design  is  not  con¬ 
trolled,  In  fact,  the  false-positive  rate  can  range  from  20%  to 
more  than  40%  in  simulation  studies,15 

In  this  review,  we  evaluate  the  use  of  randomized  phase 
II  (RPh2)  trials  in  studying  multiple  treatment  regimens. 
We  arc  interested  in  identifying  the  types  of  RPh2  designs 
and  how  they  are  used  in  cancer  clinical  trials.  We  are 
particularly  interested  in  the  design  properties,  as  well  as  the 
conduct  and  results  of  each  study.  We  characterize  the 
practice  pattern  and  identify  deficiencies.  We  also  discuss 
alternative  approaches,  such  as  adaptive  randomization  un¬ 
der  a  Bayesian  framework,  and  indicate  future  needs  for 
multiarm  RPh2  trial  designs  in  oncology. 


PATIENTS  ANQ  METHODS  ^ 


identification  and  Selection  of  Studies 

We  conducted  a  computerized  literature  search  for  studies 
published  between  1986  and  2002.  We  used  both  FubMed  and 
Science  Citation  Index  to  search  for  the  terms  “randomized"  4 
either  “phase  11”  or  “phase  2”  in  all  text  Including  the  title,  key¬ 
words,  and  abstract,  and  selected  only  articles  published  In  En¬ 
glish,  After  tiie  preliminary  selection,  we  went  through  each  of  the 


abstracts  and  eliminated  the  studies  that  were  not  randomized 
phase  II  trials.  When  multiple  articles  reported  the  results  from  the 
same  trial,  we  included  collective  information,  but  counted  only 
the  latest  publication  in  our  review.  Wc  also  excluded  articles 
reporting  only  interim  results.  It  is  likely  that  our  search  did  not 
identify  all  legitimate  RPh2  studies  because  PubMed,  Science  Ci¬ 
tation  Index,  and  our  searching  criteria  are  in  no  way  exhaustive. 
However,  this  searching  mechanism  should  cover  most  of  the 
RPh2  trials  reported  in  the  English  literature. 

We  identified  a  total  of  470  trials,  with  266  (57%)  reporting 
RPh2  studies  in  cancer  trials.  These  are  the  focus  of  our  study. 
Reports  not  considered  here  represented  trials  in  the  areas  of 
cardiovascular  disease  (n  =  3B),  HIV/ AIDS  (n  =  29),  Infectious 
disease  (n  -  17),  neurology/psychology  (n  *=  17),  hematologic/ 
Immunologic  disease  (n  =  16),  genitourinary  disease  (n  =  15), 
injmy/surgery  (n  =  13),  gastroenterology  (n  =  12),  neurology 
(n  "  1 1),  respiratory  disease  (n  =  10),  and  trials  involving  other 
diseases  (n  -  26), 

Data  Presentation  and  Analysis 

We  extracted  the  following  information  from  each  article: 
year  of  publication;  journal  name;  name  and  type  of  agents  under 
study;  disease  site;  study  duration;  whether  the  statistical  design 
was  mentioned;  type  of  design;  design  properties,  such  as  number 
of  treatment  arms  and  randomization  scheme;  whether  a  placebo, 
standard  therapy,  or  no  treatment  control  was  used;  type  of  end 
point  used;  proposed  sample  size;  actual  sample  size;  accrual 
period;  type  I  and  type  II  error  rates;  interim  analysis;  whether 
a  trial  was  stopped  early;  whether  hypothesis  testing  was  com 
ducted  at  the  end  of  the  trial;  study  result;  if  promising  agents 
were  sent  to  phase  III  for  additional  evaluation;  and  the  but- 
come  of  phase  III  studies. 

Type  of  agents  is  classified  as  chemotherapeutic  {cytotoxic), 
biologic  (biologically  derived  agents  such  as  interferon,  interleu¬ 
kin,  colony-stimulating  factor,  monoclonal  antibody,  angiogene¬ 
sis  inhibitor,  other  small  molecules  with  specific  molecular  targets, 
and  so  on)>  antitoxicity  (to  ameliorate  toxicity),  hormonal,  pre¬ 
ventive  (used  with  cancer  prevention  end  points),  and  others. 

Specific  randomization  schema,  such  as  simple  randomiza¬ 
tion,  stratified  or  permuted  block,  and  dynamic  allocation  ran¬ 
domization,  was  recorded  if  reported  in  the  article.  Otherwise,  we 
assume  simple  randomization  was  used  if  no  randomization 
scheme  was  mentioned.  We  considered  that  a  trial  was  stopped 
early  if  one  or  mo  re  arms  were  stopped.  Available  information  was 
extracted  and  recorded  to  a  data  collection  form  and  entered  into 
an  Access  database.  Given  the  large  number  of  trials,  complexity, 
and  time  frame  of  publication  of  the  trials  reviewed,  we  decided 
not  to  contact  individual  authors  for  the  missing  in  form  a  lion. 

We  used  descriptive  statistics,  frequency  tabulations,  and  histo¬ 
grams  to  summarize  the  data.  We  applied  a  ^  test  to  examine  the 
association  between  two  categoric  variables,  and  used  the  Goehr an- 
Ar milage  trend  test  to  compare  the  change  of  proportion  over  time. 
All  of  the  tests  were  two  sided  with  a  5%  significance  level. 


General  Trial  Design  Properties 

Figure  1  shows  that  the  number  of  publications  de¬ 
scribing  RPh2  trial  designs  has  increased  over  time*  reflect¬ 
ing  the  increasing  popularity  of  this  type  of  design  in  cancer 
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Flo  1*  Histogram  of  number  of  randomized  phase  IE  cancer  studies 
published  from  1986  lo  2002. 


clinical  trials.  There  were  28  and  34  RPh2  studies  pub- 
lished  in  2001  and  2002,  respectively.  Table  1  shows  that  the 
Journal  of  Clinical  Oncology  published  the  most  articles 
describing  RPh2  cancer  trials,  followed  by  Cancer  and  the 
Annals  of  Oncology, 

Table  2  lists  the  general  design  properties  of  RFh2 
trials.  With  respect  Lo  the  treatment  modality,  211  trials 
investigated  a  single  modality  and  55  trials  studied  combi¬ 
nations  of  different  modalities.  The  most  common  single- 
agent  treatment  was  still  chemotherapeutic  agents,  which 
were  involved  in  131  of  the  trials  (49%),  followed  by  bio¬ 
logic  agents.  Trials  reporting  the  use  of  combined  modali¬ 
ties  included  26  trials  studying  the  combination  of 
chemotherapeutic  and  biologic  agents,  and  12  trials  evalu¬ 
ating  the  chemotherapy  plus  radiation  combination*  Bio¬ 
logic  agents  were  combined  with  other  modalities  such  as 
surgery  or  radiation  in  six  trials.  The  study  of  biologic 


Table  1*  Number  of  Publications  by  Journal 

Journal 

No. 

% 

Journal  of  Clinical  Oncology 

36 

13.5 

Cancer 

27 

10.2 

Annals  of  Oncology 

22 

8.3 

British  Journal  of  Cancer 

12 

4.6 

American  Journal  of  Clinical  Oncology 

11 

4,1 

Lung  Cancer 

9 

3.4  ( 

European  Journal  of  Cancer 

7 

2,6 

Clinical  Cancer  Be  search 

8 

3.0 

Seminar  in  Oncology 

© 

2,3 

Oncology 

6 

2,3 

Gynecology  Oncology 

© 

2,3 

Investigational  New  Drugs 

6 

2.3 

Leukemic 

6 

2.3 

Others  [n  <  5) 

104 

39.1 

Total 

266 

100.0 

_ 1 

Table  2,  Conors!  Design  Properties  of  Randomized  Phase  LI  Designs 

Type  of  Agent 

No. 

% 

Treatment  modality 

Single  treatment  modality  (N  “  21  If 

Chemotherapeutic 

131 

49,2 

Biotogic 

36 

13.5 

Amitowcity 

16 

6.0 

Hormonal 

n 

4.1 

Preventive 

10 

3.8 

Oi  her  single  modality 

7 

2.6 

Combined  treatment  modality  (N  «  65) 

Chamolherapautic  +  biologic 

26 

9.8 

Chemotherapeutic  +■  radiation  ihorapy 

12 

4.5 

Chemotherapeutic  +  others 

6 

2.3 

Biologic  +  ethers 

6 

2.3 

Other  combination  treai  merit 

5 

1.9 

Primary  end  point 

Clinical  response  rate 

134 

72.9 

Toxidty 

16 

6.0 

Time  lo  event 

13 

4.9 

LvenUincidence  rate 

10 

3.8 

Biomarfror  response 

9 

3.4 

Pharmacological 

6 

2.3 

Others 

18 

6.8 

No.  of  study  groups 

2 

221 

83.1 

3 

33 

12*4 

£4 

12 

4*5 

Was  placebo  used? 

No 

254 

95.5 

Yes 

12 

4.5 

Blinding  of  the  trial 

Open  fun  blinded) 

244 

31.7 

Double  blinded 

20 

7.5 

Single  blinded 

2 

0.8 

Randomization  scheme 

Simple 

169 

59.8 

Stratified 

83 

31.2 

Permuted  block 

18 

6,8 

Dynamic  allocation 

© 

2.3 

Total  sample  size  per  design  fN  *  122) 

=£30 

8 

6.6 

31-100 

85 

69*7 

101-200 

24 

19*7 

201-400 

5 

4,1 

Total 

266 

100,0 

_ _ _ _ _ _ 1 

agents  showed  an  increase  over  time,  increasing  from  18% 
in  1986  to  1994,  to  30%  in  1995  to  2002  ( P  =  .03,  g  test). 
Overall,  biologic  agents  either  as  a  single  agent  or  in  com¬ 
bination  were  studied  in  70  of  the  trials  (26%)*  Of 266  trials, 
194  trials  (73%)  used  clinical  response  rate  as  the  primary 
end  point  of  the  study*  Other  types  of  end  points  reported 
include  toxicity,  time- to- eve  tit  end  points,  event/inridencc 
rate,  biomarkers,  and  pharmacologic  end  points.  (Table  2) 
Most  of  the  RFh2  trials  (221;  83%)  involved  two  study 
groups.  Only  12  of  the  BPh2  trials  (5%)  used  a  placebo, 
whereas  254  of  the  trials  (95%)  did  not*  Open  or  unblinded 
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trial  designs  were  used  in  244  of  the  RPh2  trials  (92%),  whereas 
only  20  (7%)  were  double-blinded  trials,  and  two  (1%)  were 
singfle-blinded  trials.  All  12  placebo -controlled  trials  were 
double-blinded  trials  using  noncy totoxic  agents.  In  terms  of 
randomization,  60%  of  the  trials  used  simple  randomization, 
whereas  31%  used  stratified  randomization.  Permuted  block 
randomization,  with  or  without  stratification,  was  applied  in 
7%  of  the  trials,  whereas  only  2%  of  the  trials  used  a  dynamic 
allocation  scheme  (eg,  minimization  algorithm)  to  balance  the 
potential  prognostic  factors.  The  vast  majority  of  the  trials 
(96%)  randomly  assigned  participants  with  equal  probability 
into  the  treatment  arms*  A  randomization  ratio  of  2: 1  was  used 
in  4%  of  the  trials,  and  only  one  trial  used  a  4;1  ratio*  The 
planned  sample  size  was  reported  in  122  articles  (46%),  Total 
sample  sizes  ranged  from  28  to  390  (mean,  88;  median,  80)  and 
a  standard  deviation  (SD)  of  53.  The  mean  average  sample  size 
per  group  was  39  (media n*  37);  the  first  and  thir  d  quartiles 
were  25  and  50,  respectively. 

Statistical  Design  Properties 

One  hundred  twenty-three  articles  (46%)  reported  the 
statistical  design.  The  percentages  of  articles  mentioning 
statistical  design  were  15%,  36%,  47%,  and  62%  for  the  pub¬ 
lication  years  of  1986  to  1989,  1990  to  1994,  1995  to  1999, 
and  2000  to  2002,  respectively*  The  increasing  trend  of  report¬ 
ing  the  trial  design  was  statistically  significant  (P  <  .0001, 
Cochran-Armitage  trend  test)*  Among  the  articles  that  re¬ 
ported  tire  statistical  design,  49%  provided  sufficient  informa¬ 
tion  for  characterizing  the  design.  Therefore,  only  60  (23%)  of 
the  266  articles  provided  adequate  information  on  the  trial's 
statistical  design. 

The  SWE  design  was  used  in  13  of  the  trials  (1 1%;  Table 
3).  The  remaining  trials  were  designed  by  one-stage  (39%), 
two-stage  (45%),  or  three-stage  (3%)  hypothesis  testing  or 
estimation  methods.  Two-stage  designs  were  most  commonly 
used  in  RPh2  trials  (n  =  55),  Bayesian  designs  were  used  in  two 
tr  ials  and  a  group  sequential  design  was  reported  in  one  article* 
The  majority  of  the  trials  (83%)  were  designed  based  on  a 
binomial  distribution  because  binary  outcomes,  such  as  the 
response  rate,  are  the  most  commonly  chosen  primary  end 
points  m  RPh2  trials.  This  result  indicates  that  most  of  the 
RPh2  trials  axe  based  on  a  single-arm  trial  design  embedded  in 
a  randomized,  multiarm  setting* 

More  detailed  information  on  trial  design  was  listed  as 
follows.  There  were  73  articles  that  reported  designs  based  on 
a  one-sided  test,  and  31  were  based  on  a  two-sided  test.  Only  70 
articles  reported  an  alpha  value  (type  I  error),  and  95  reported 
the  study  power*  Among  diem,  most  of  the  trials  (n  =  55}  were 
designed  based  on  a  5%  type  I  error  rate.  Type  I  error  rates 
between  5%  and  10%  were  also  common  £n  =  11).  Study 
power  between  80%  and  89%  characterized  40  of  the  trials, 
whereas  53  trials  had  at  least  90%  power.  For  trials  applying 
clinical  response  rate  as  the  primary  end  point,  the  null  re- 
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T&jjte  3.  Type  of  Statistical  Design  Used  in  Randomized  Phase  Jl  Trials 
Among  Ihe  Studies  With  Reported  Statistical  Oesigns  {N  =  1231 

Statistical  Design 

No. 

% 

Design  categories 

SWE  randomized  phase  \t 

13 

10*6 

1 -stage  design 

49 

39.0 

1-sample  binomial 

14 

2-sample  binomial 

16 

2-ssmple  continuous 

12 

2-sample  survival 

7 

2-stage  design 

65 

44*7 

Gehan's 

14 

Simon's  optimal 

14 

Simon's  minima* 

11 

Ad-hoc  binomial 

10 

Fleming's 

3 

Multinomial 

2 

Logistic 

1 

3  stage  design 

4 

3,3 

EORTC  binomial 

3 

Ensign's  binomial 

1 

Others 

3 

2.4 

Beyesian  binomial 

2 

Group  sequential  binomial 

1 

Design  by  type  of  primary  end  points 

Binomial 

102 

82.9 

Continuous 

12 

9.8 

Survival 

7 

5.7 

Multinomial 

2 

1,6 

Total 

123 

100.0 

Abbreviations:  SWE.  Simon.  Wittes.  Eilertberg;  EORTC.  European  Orga- 

nizalEon  for  the  Research  and  Treatment  of  Cancor, 

spouse  rate  typically  ranges  fromO%  (Gehan’s  design)  to  30%, 
with  the  target  improvement  rate  of  10%  to  20%* 

Trial  Conduct 

The  means  (medians)  of  the  total  accrual,  eligible  par¬ 
ticipants,  and  assessable  participants  were  85.0  (72),  81.6 
(67),  and  77*6  (64),  respectively.  When  enrolled  partici¬ 
pants  were  combined  across  all  trials,  only  4%  of  patients 
enrolled  were  ineligible,  and  more  than  91%  of  the  enrolled 
patients  were  assessable.  At  the  trial  level,  the  percentage  of 
ineligible  patients  ranged  from  0%  to  31%  of  all  patients 
enrolled  (median,  0%;  mean,  3%).  Among  eligible  patients, 
the  percentage  of  in  assess  able  patients  ranged  from  0%  to 
43%  (median,  1%;  mean,  5%)*  The  proportion  of  assessable 
patients  among  the  total  enrolled  patients  ranged  from  57% 
to  100%  (median,  95%;  mean,  92%),  which  indicated  that 
most  trials  were  well  conducted  in  general.  Wide  ranges  in 
the  total  accruals,  between  Id  and  369,  were  reported.  The 
SD  was  53*2,  indicative  of  a  large  variation  in  sample  size  in 
RPh2  studies.  In  addition,  168  trials  reported  the  accrual 
duration*  The  mean  accrual  duration  was  2.3  years  (me¬ 
dian,  1.9  years)  with  an  SD  of  1.4  years,  and  ranged  from  0.2 
to  10  years.  The  average  accrual  rate  was  3.3  patients  per 
month.  Additional  analysis  showed  that  75%  of  the  trials 
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completed  accrual  within  3  years.  The  remaining  20%  of  the 
trials  completed  accrual  in  3  to  5  years.  More  than  5  years 
were  required  to  complete  accrual  in  5%  of  the  trials. 

Fifteen  trials  recruited  exactly  the  same  number  of 
patients  as  planned  without  early  stopping.  Thirty  trials 
were  stopped  early  per  design  and,  therefore,  the  target 
sample  size  is  considered  the  same  as  the  actual  sample  size. 
Compared  with  the  target  sample  size,  23, 10,  and  four  trials 
were  below  the  planned  accrual,  and  24,  nine,  and  three 
trials  were  above  the  planned  accrual  by  less  than  10%,  10% 
to  25%,  and  25%  to  50%,  respectively.  The  remaining  four 
trials  had  accruals  that  were  more  or  less  than  50%  of  the 
target  accrual.  Seventy- five  percent  of  the  trials  had  accrual 
within  ±  10%  of  the  target  accrual 

Statistical  Analysis 

Statistical  analysis  with  respect  to  hypo  thesis  testing 
and  estimation  is  summarized  by  the  type  of  end  points.  A 
trial  may  have  one  or  more  end  points.  For  the  response 
rate,  128  trials  performed  estimation  only;  97  performed 
hypothesis  testing,  For  the  survival  end  points,  66  trials 
performed  estimation  only,  whereas  125  trials  tested  the 
survival  end  points  between  treatment  arms.  For  a  toxicity 
end  point,  137  trials  reported  estimation  only  and  the  re¬ 
maining  111  trials  reported  hypothesis  testing.  Scattered 
reports  that  analyzed  pharmacology,  biomarker,  and  other 
end  points  were  also  found,  with  16  trials  reporting  estima¬ 
tion  and  43  trials  reporting  hypothesis  testing.  Although 
most  of  the  trials  were  not  designed  to  have  enough  statis¬ 
tical  power  for  be  tween- treatment  comparison,  the  per¬ 
centages  of  positive  test  results  were  27%  for  binomial  end 
point,  29%  for  survival  end  point,  57%  for  toxicity  end 
point,  and  67%  for  other  end  points,  respectively.  High 
percentages  of  significant  findings  arc  likely  due  to  report¬ 
ing  bias  (significant  results  arc  more  likely  to  be  reported). 

Study  Conclusions 

Interim  analyses  were  planned  in  72  (27%  of 266)  trials 
(Tabic  4).  Among  them,  40  stopped  early  and  32  did  not. 
Five  trials  did  not  have  planned  interim  analyses  but  were 
stopped  early.  Therefore,  45  of 266  (17%)  trials  were  termi¬ 
nated  early.  The  reasons  for  early  termination  included  the 
following:  futility  or  lack  of  efficacy  (69%),  efficacy  (13%), 
toxicity  (13%),  and  slow  accrual  (4%). 

At  the  conclusion  of  the  RPh2  studies,  2 1  %  of  the  trials 
recommended  no  additional  study,  either  due  to  toxicity  or 
lack  of  efficacy,  or  both.  No  recommendation  was  made  in 
34%  of  the  trials.  Reports  that  the  treatment  regimen  (s) 
merited  additional  study  were  made  in  26%  of  the  trials.  In 
addition,  additional  studies  (non-phase  III)  had  been  initi¬ 
ated  in  5%  of  the  trials.  The  remaining  14%  either  recom¬ 
mended  a  phase  III  study  (n  =  18)  or  indicated  that  a  phase 
III  study  was  already  underway  (n  =  21). 


Table  4.  Interim  Analysis  end  Early  Stopping  of  the  TriaE 

Was  Trial 

Stopped  Early? 

No  Yes 

Total 

Was  interim  analysis  planned? 

No 

189 

b 

194 

Vas 

32 

40 

72 

Total 

221 

46 

266 

Reason  for  Early  Stopping 

Wo. 

% 

Lack  of  elticacy/f  utility 

31 

m.9 

Efficacy 

6 

13.3 

Toxiciry 

6 

13.3 

Slow  accrual 

2 

4.4 

Total 

45 

100.0 

_ 1 

Results  in  Phase  Hi  Trials 

We  also  performed  a  literature  search  for  subsequent 
phase  III  trial  reports  on  the  39  trials  mentioned  above  that 
either  recommended  phase  III  studies  or  had  phase  III  studies 
already  underway.  Of  the  six  follow-up  studies  we  found,  four 
reported  positive  phase  III  results.  These  included  the  follow¬ 
ing  studies:  radiotherapy  plus  amifostine  in  head  and  neck 
cancer  patients16;  vorozole  with  megestroi  acetate  in  post¬ 
menopausal  advanced  breast  cancer  patients17;  combined  cis- 
piatin  and  carboplatin  in  addition  to  mitomycin  and 
ifosfamide  in  patients  with  stage  IV  non-small -ceil  lung  can¬ 
cer13;  and  cisplatm  plus  gemcitabine  plus  vinorelbine  in  ad¬ 
vanced  non-small-cell  lung  cancer,^  The  other  two  phase  111 
trials  reported  negative  results,  which  included  the  study  of 
sequential  high-dose  methotrexate,  fiuoro uracil,  and  doxoru¬ 
bicin  in  advanced  gastric  cancer,20  and  gemritabine  plus  cis- 
platin  in  advanced  non  small-cell  lung  cancer.21 


DISCUSSION 


With  emerging  technologies  in  screening  active  compounds 
and  advancements  in  targeted  therapy,  promising  treatment 
regimens  have  been  identified  at  an  increasingly  fast  pace.  The 
high  cost  of  drug  development  and  limited  patient  resources* 
however,  prohibit  sending  every  promising  treatment  to  a 
full-scale  phase  III  evaluation.  Therefore,  phase  II  trials  play  a 
pivotal  role  in  screening  out  inefficacious  regimens  and  send¬ 
ing  the  most  promising  ones  for  additional  evaluation.  Early 
phase  II  studies  are  typically  single-arm  trials  to  examine 
whether  the  regimen  yields  the  desired  treatment  efficacy.  Af¬ 
ter  screening  out  unpromising  agents,  a  more  challenging  task 
is  to  identify  the  most  promising  ones  among  a  large  numl>er 
of  potentially  active  agents  for  additional  development.  KPh2 
studies  arise  to  meet  such  needs.  Our  review  shows  that  the  use 
of  RPh2  studies  in  cancer  research  has  increased  in  recent 
years.  It  is  expected  that  this  trend  will  continue. 
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RqvIgw  of  Randomized  Phase  II  Trials 


An  initial  motivation  for  this  review  was  to  examine 
the  frequency  and  usage  of  the  SWE  trial  design  for  RFh2 
studies  in  cancer  research.  To  our  surprise,  only  13  of  the 
reported  266  trials  applied  the  SWE  design,  indicating  that  the 
ranking  and  selection  methodology  was  not  widely  used  in 
this  setting.  This  could  be  attributed  to  several  limitations  of 
the  design,  SWE  design  works  best  when  there  is  only  one  true 
successful  treatment,  with  the  other  contenders  Ming  below 
par.  When  there  are  several  comparable,  active  regimens,  the 
SWE  method  cannot  accurately  differentiate  the  best  one  from 
the  better  ones  because  it  always  selects  the  arm  with  the  best 
observed  outcome  as  the  most  successful  treatment,  regardless 
of  whether  none  of  the  regimens  work,  some  of  them  work>  or 
all  of  them  work  well.  Without  die  protection  of  controlling 
type  I  error  rate*  the  SWE  design  also  has  a  limited  scope  for 
making  comparisons  among  treatment  arms,15  In  addition, 
the  SWE  RPh2  design  docs  not  provide  early  stopping  rules  to 
terminate  inefficacious  arm(s)  early  based  on  interim  results. 
To  remedy  the  problem,  Steinberg  and  Venzon22  developed 
methods  for  selecting  a  promising  agent  early  based  on  a  two- 
stage  ranking  and  selection  procedure* 

'I he  vast  majority  of  the  RPh2  designs  were  based  on 
methodology  geared  toward  single-arm  phase  II  studies. 
These  trials  were  not  designed  to  provide  head-to-head  com¬ 
parisons  across  treatment  arms.  However,  randomization  was 
used  as  a  tool  for  allocating  patients  evenly  into  multiple  treat¬ 
ment  arms  to  balance  the  known  and  unknown  prognostic 
factors;  hence,  patient  comparability  is  enhanced  23  The  ma¬ 
jority  of  the  trials  (60%)  applied  simple  randomization,  which 
does  not  guarantee  balance  in  number  of  patients  assigned  to 
each  treatment  or  balance  in  prognostic  factors  within  each 
treatment.  With  a  small  number  of  prognostic  factors,  strati¬ 
fied  randomization  and/or  permuted  block  design  can  be  used 
Lo  increase  the  effectiveness  of  randomization*24*25  In  the  pres¬ 
ence  of  a  large  number  of  prognostic  factors,  dynamic  alloca¬ 
tion  should  be  considered  to  enhance  randomization  balance 
for  a  heterogeneous  sample  of  mo  derate  size*10 

Depending  on  type  of  agents,  end  points  and  trial  de¬ 
signs  should  be  chosen  such  that  die  efficacy  of  the  regimens 
can  be  evaluated  properly*  Although  response  rate  is  a  rea¬ 
sonable  choice  for  cytotoxic  drugs,  it  may  not  be  appropri¬ 
ate  for  biologic  agents,  which  may  exert  a  cytostatic  effect. 
Target -based  primary  end  points  such  as  molecular  imag¬ 
ing  or  receptor  modulation  need  lo  be  selected  carefully  to 
best  measure  the  per  Linen  t  treatment  effects*  In  addition, 
efficacy  assessment  should  be  blinded  to  the  treatment  as¬ 
signment  to  reduce  the  evaluation  bias. 

When  several  agents  in  a  trial  aim  at  a  common  target, 
randomized  design  can  be  applied  among  eligible  patients 
presenting  the  target.  For  agents  with  different  targets,  par¬ 
allel  design  can  be  considered  to  enroll  patients  with  rele¬ 
vant  targets  onto  corresponding  treatment  arms.  Using  a 
biomarker  response  is  appealing,  but  validation  is  required 
to  link  the  marker  response  to  clinical  significance.  Because 


targeted,  biologic  agents  may  not  work  for  everyone,  patient 
selection  is  essential  for  the  success  of  the  trial.  Because  of  the 
low  response  rate  in  the  general  population,  a  target-enriched 
study  population  has  been  proposed  recently  to  enhance  the 
efficiency  of  the  trials*27'29  Simon  and  Maitournam30  de¬ 
scribed  a  method  to  compute  the  relative  efficiency  of  targeted 
designs  versus  the  design  without  selection  and  showed  that 
targeted  clinical  trials  can  dramatically  reduce  the  number  of 
patients  required  for  study  in  cases  where  the  mechanism  of 
action  of  the  drug  is  understood  and  an  accurate  assay  for 
responsiveness  is  available. 

Many  trials  were  designed  with  at  least  90%  power,  re¬ 
flecting  the  importance  of  controlling  the  type  31  error  in  R?h2 
studies.  In  phase  II  settings,  controlling  the  type  II  error  can  be 
more  important  than  controlling  the  type  I  error  because  a 
false- negative  result  could  essentially  term  mate  the  develop¬ 
ment  of  a  promising  agent,  whereas  a  false-positive  result  can 
be  identified  in  future  phase  It  or  III  studies.  Formal  hypothesis 
testing  comparing  end  points  among  treatment  arms  was 
commonly  reported.  With  the  limited  sample  size,  RJ?h2  trials 
typically  do  not  have  sufficient  statistical  power  for  such  com¬ 
parisons  and  such  practice  should  be  discouraged.  Point  and 
Cl  estimations  should  be  performed,  instead* 

In  all  266  trials,  only  72  trials  (27%)  had  planned  interim 
analyses.  It  is  interesting  to  note  that  56%  of  the  trials  with 
planned  interim  analyses  stopped  early*  In  addition,  among 
the  trials  stopped  early,  69%  of  them  were  due  to  lack  of 
efficacy,  indicating  that  the  majority  of  the  studied  regimens 
did  not  meet  expectations,  Without  considering  the  false- 
negative  rate,  an  additional  28%  (73%  X  56%  X  69%)  of 
the  RPh2  trials  could  have  been  stopped  early  by  identifying 
inefficacious  agents  had  early  stopping  rules  been  imple¬ 
mented.  This  calculation  assumes  that  ail  trials  need  interim 
analyses  and  that  the  probability  of  stopping  and  the  percent¬ 
age  of  ineffective  agents  were  similar  between  the  trials  with 
and  without  interim  analyses*  Although  these  assumptions 
may  not  always  hold,  the  calculation  provides  us  with  a  rough 
estimate  on  the  magnitude  of  additional  resources  that  could 
be  saved  by  incorporating  interim  analysis  in  the  study  design. 

Continuing  to  find  improved  cancer  treatment  is  an  up¬ 
hill  baLtle*  Although  enthusiasm  is  a  driving  force  for  discov¬ 
ery,  the  reality  is  that  most  new  regimens  probably  will  not  be 
much  improved  over  Lire  existing  ones*  Early  stopping  due  to 
futility  or  lack  of  efficacy  is  critically  important  for  RPh2  stud¬ 
ies,  not  only  to  save  resources  and  gain  trial  efficiency,  but  also 
to  limit  the  number  of  patients  receiving  sub-par  treatments  as 
soon  as  they  arc  identified.  A  general  overview  of  various 
design  considerations  is  described  in  Lee  eL  al.M 

Only  a  small  fraction  of  the  trials  were  conducted  exactly 
as  planned,  It  is  more  a  rule  than  an  exception  that  the  actual 
conduct  of  clinical  trials  may  deviate  from  the  protocol  Al¬ 
though  investigators  have  the  responsibility  to  follow  the  pro¬ 
tocol  as  much  as  possible,  statisticians  are  called  to  develop 
more  flexible  designs  to  meet  the  practical  needs  of  clinical 


information  downloaded  from  www.jco.org  and  provided  by  M  D  ANDERSON  HOSP  on  September  13, 2006  from 

143.1 11 .231.168* 

Copyright  ©  2005  by  the  American  Society  of  Clinical  Oncology,  All  rights  reserved. 


Lee  and  Fens 


trials.  To  date*  most  clinical  trial  designs  are  based  on  the 
so-called  frequentisfs  approach,  which  involves  comput¬ 
ing  the  probability  of  the  observed  events  given  the  design 
parameters.  When  the  study  conduct  deviates  from  the  design, 
all  of  the  design  properties  (such  as  controlling  type  I  and  type  II 
error  rates)  may  no  longer  hold.  For  example*  Simon's  optimal 
two-stage  design  will  neither  be  optimal  nor  have  the  desired 
operating  characteristics  if  the  sample  sine  at  each  stage  is 
different  from  the  sample  size  specified  by  the  design,  or  when 
the  actual  response  rates  differ  from  the  target  responses  rates. 

One  alternative  is  a  flexible  design  applying  the  Bayes¬ 
ian  approach,  which  computes  the  probability  of  the  pa¬ 
rameters  given  the  observed  events.  The  Bayesian  approach 
is  consistent  with  the  likelihood  principle  in  the  sense  that 
the  inference  is  based  on  the  observed  outcome  and  not  on 
some  hypothetical  sampling  or  design  parameters.  Fre- 
quen list's  designs  are  more  rigid  and  less  robust  to  the 
design  change.  In  contrast,  the  Bayesian  design  is  intrinsi¬ 
cally  adaptive  and  data-driven,  which  allows  the  inference 
to  be  less  dependent  on  the  study  design.  Advancements  in 
computing  algorithms  (such  as  the  Monte -Carlo  Markov 
chain)  and  in  computing  power  have  made  the  implemen¬ 
tation  of  Bayesian  methodology  quite  feasible,  The  Bayesian 
clinical  trial  method  is  an  active  area  of  research,  with 
several  developments  reported  in  the  recent  literature,  such 
as  a  predictive  probability  approach  ,32  response- adaptive 
randomization,33  hierarchical  Bayes  model,34  seamless 
phase  II/III  trials,35  a  decision -theoretic  approach  for  de¬ 
signs  with  multiple  end  points*35  and  so  on. 

There  were  also  reports  of  a  flexible  design  based  on  the 
frequent!  st's  approaches,  For  example,  Kanison  at  cl37  de¬ 
veloped  a  group-sequential,  response- adaptive  design  to 
allow  random  assignment  of  more  patients  into  the  better¬ 
performing  arms,  which  can  be  adapted  to  the  randomized 
phase  II  setting.  Scher  and  Heller30  proposed  an  integrative 
phase  II/III  design  to  evaluate  multiple  experimental  treat¬ 
ments  with  a  survival  end  point  In  the  last  two  decades,  a 
plethora  of  statistical  designs  for  phase  11  studies  have  been 
published  in  the  statistical  literature,  but  few  of  these  have 
actually  been  used,  Increasing  the  implementation  of  new 
statistical  designs  in  actual  clinical  trials  will  require  better 
communication  between  statisticians  and  the  clinicians 
conducting  trials,  as  well  as  the  development  of  practical 
designs  with  good  statistical  properties  and  easily  accessible 
computing  tools  with  friendly  user  Interface. 


Several  authors  have  shown  that  the  reporting  quality  of 
phase  II  studies  in  the  literature  is  generally  poor.  The  percent¬ 
ages  of  trials  with  identifiable  statistical  designs  were  reported 
to  be  12%  by  Kramar  et  al 39  20%  by  Mariani  and  Marubini,40 
and  35%  by  Pen  one  et  al4 1  We  also  found  a  similar  result,  with 
only  23%  of  die  reported  RPh2  trials  having  adequate  descrip¬ 
tions  of  their  statistical  designs,  Encouragingly,  the  percent  of 
the  trial  reports  including  design  information  has  increased 
over  time  from  15%  in  the  late  1980s  to  62%  in  2000  to  2002. 
The  statistically  significant  trend  of  an  increasing  report  of 
statistical  design  is  likely  the  result  of  a  combination  of  factors. 
These  include  die  increasing  awareness  of  the  importance  of 
study  design,  increasing  understanding  and  appreciation  of 
biostatistics  in  clinical  trials,  tighter  control  in  the  clinical  trials 
approval  process  {institutional  review  boards,  funding  agen¬ 
cies,  industry,  and  regulatory  bodies),  voices  from  many  advo¬ 
cates  stressing  the  need  to  improve  clinical  trial  reporting,  and 
a  favorable  response  from  journal  editors,43  Continuing  effort 
is  still  much  needed  to  enhance  the  design,  conduct,  and  re¬ 
porting  of  RPh2  studies. 

In  summary,  current  RPh2  trials  are  primarily  designed 
based  on  existing  one -sample  methods  with  add-on  random¬ 
ization  to  improve  patient  comparability.  I:mo vat ive  designs 
are  much  needed  to  allow  researchers  and  clinicians  to  address 
important  issues  such  as  study  population  enrichment,  selec¬ 
tion  and  validation  of  most  appropriate  target-based  end 
points,  dynamic  and  adaptive  randomization,  flexible  study 
accrual,  conduct,  and  monitoring,  early  stopping  rule  for 
futility,  and  so  on.  For  the  establishment  of  initial  efficacy  of 
a  single-arm  phase  IIA  trial,  an  RPh2  trial  provides  addi¬ 
tional  assessment  of  treatment  efficacy  by  studying  multiple 
treatment  regimens  of  interest  concurrently;  lienee,  it  gen¬ 
erates  valuable  information  for  designing  phase  III  trials. 
Thus,  efficient  and  well- conducted  RPh2  trials  can  be  in¬ 
strumental  toward  the  successful  development  of  effective 
cancer  treatments, 
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Prognostic  Factors  in  Resected  Stage  I  Non-Small- Cell 
Lung  Cancer:  A  Multivariate  Analysis  of  Six 
Molecular  Markers 
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Purpose 

To  analyze  the  prognostic  significance  of  six  molecular  biomarkers  [death-associated  protein 
kinase  fO^PW  promoter  methylation,  interleukin-10  111701  protein  expression,  cydooxygonasa-2 
[COX-21  roRNA  expression,  human  telomerasc  reverse  transcriptase  catalytic  subunit  [hTERTI 
mRNA  expression,  retinoic  acid  receptor-beta  [RAR-03  mRMA  expression,  and  K -ms  mutational 
status)  in  stage  I  non-smali-cell  lung  cancer  (NSCLC)  patients. 

Patients  and  Methods 

Biomarker  analyses  were  performed  on  tumors  from  94  patients  with  stage  1  NSCLC  who 
underwent  surgical  resection  at  our  institution.  A  minimum  follow-up  period  of  5  years  was 
required.  DARK  methylation  was  assessed  by  m  ethylation-specific  polymerase  chain  reac¬ 
tion  (PCR),  HAR-/3,  COX-2,  and  hTERT  mRNA  levels  were  determined  by  in  situ  hybridization 
withdigoxigenin-labeled  antisense  riboprobes.  K-ras  mutation  status  was  determined  by  the 
PCR-primer  introduced  restriction  with  enrichment  for  mutant  alleles  method.  IL-1Q  protein 
expression  was  analyzed  by  immunohistochemistry  using  a  polyclonal  antihuman  IL-1G 
antibody.  Cancer-specific  survival  was  analyzed  with  a  Cox  proportional  hazards  model*  To 
identify  independent  prognostic  factors,  a  stepwise  selection  method  was  used. 

Results 

DARK  methylation,  IL-1G  tack  of  expression,  COX-2  expression,  hTERT  expression,  RAR-/J 
expression,  and  K-ras  mutations  were  observed  in  46,8%;  29.8%,  69.6%,  34.G%r  23.4% r 
and  34,0%  of  patients,  respectively.  In  the  final  model;  DARK  methylation  and  3L-1 G  lack  of 
expression  were  significant  negative  prognostic  factors  for  cancer-specific  survival,  whereas 
COX-2  expression  was  of  borderline  significance. 

Conclusion 

In  this  cohort  of  rosoctcd  stage  I  NSCLC  patients,  molecular  markers  that  independently 
predict  cancer-specific  survival  have  been  identified.  The  prognostic  roies  of  DARK  methyl- 
ation,  IL-10,  and  other  biomarkers  in  NSCLC  merit  further  investigation* 


J  Clin  Oncol  22:4575-4583.  ©  2004  by  American  Society  of  Clinical  Oncology 


Lung  cancer  remains  a  worldwide  public 
health  issue  of  immense  proportions*  In  the 
year  2003,  cancers  of  the  lung  and  bronchus 
are  expected  to  continue  to  account  for 
the  most  cancer  deaths  in  the  United 
Slates  (157  >200  deaths  or  28*2%)>  more 
than  the  estimated  total  number  of  deaths 


as  a  resulL  of  cancers  of  the  breast,  pros¬ 
tate,  colon,  and  rectum  combined.1  Ap¬ 
proximately  80%  of  lung  cancers  will  have 
non-small -cell  carcinoma  histology*2 
Approximately  25%  of  patients  present 
with  early-stage  disease,3  The  standard 
treatment  is  surgical  resection  with  appro¬ 
priate  lymph  node  sampling  or  dissection* 
Although  early-stage  non-sm all-cell  lung 
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cancer  (NSCLC)  patients  have  a  relatively  favorable  prog¬ 
nosis  the  risk  of  disease  recurrence  and  death  remains 
substantial  Five-year  survival  rates  for  pathologic  stages  I 
and  II  disease  are  57%  to  67%  and  38%  to  55 %>  respective¬ 
ly^  Identification  of  reliable  prognostic  factors  for  dis¬ 
ease  recurrence  and  death  could  have  significant  clinical 
import*  Patients  in  a  high-risk  group,  for  example,  would 
be  appropriate  candidates  for  novel  adjuvant  or  ehemo- 
prevention  strategies* 

Both  our  group5"12  and  others13'16  have  focused  on 
identifying  molecular  prognostic  factors  in  early-stage 
NSCLC.  We  have  established  a  retrospective  cohort  of  stage 
I  NSCLC  patients  who  underwent  surgical  resection  at  our 
institution.  Over  the  past  few  years,  investigators  in  our 
group  have  analyzed  a  number  of  tumor  bio  markers  within 
this  valuable  clinical  research  database. 

Given  the  roles  that  retinoids  play  in  the  regulation  of 
cell  growth,  differentiation,  and  apoptosis,  Khun  ct  al*  in¬ 
vestigated  the  prognostic  significance  of  retinoic  add 
receptor-beta  (RAR-jS)  mRNA  expression  in  156  patients. 
Because  RAR-0  expression  seems  to  be  suppressed  during 
carcinogenesis,  these  investigators  hypothesized  that  lower 
RAR-0  levels  would  predict  a  poor  clinical  outcome.  Sur¬ 
prisingly,  overall  survival  was  significantly  worse  in  patients 
with  strongly  positive  RAR-|3  expression.  Because  one 
RAR-j3  iso  form,  RAR-/34,  may  promote  hyperplasia  and 
neoplasia,17  the  authors  hypothesized  that  differential  ex¬ 
pression  ofRAR-0  iso  forms  may  be  a  possible  explanation 
for  their  unexpected  findings. 

Khuri  et  al9  subsequently  evaluated  cydooxygenase-2 
(COX- 2)  mRNA  expression  and  correlated  it  with  the  ex¬ 
pression  of  RAR-J3  in  this  cohort  of  stage  I  NSCLC  patients. 
COX-2  overexpress  ion  had  previously  been  demonstrated 
in  lung,  head  and  neck,  and  other  tumors, 13-20  and  cell  line 
data  indicated  that  retinoic  acid  could  suppress  COX-2.21 
These  investigators  found  that  COX-2  expression  was  asso¬ 
ciated  with  worse  overall  and  disease -free  survival  and  that 
COX-2  and  RAR-jB  mRNA  levels  were  correlated.  These 
findings  were  in  conflict  with  the  prior  cell  line  data,  which 
would  have  predicted  that  RAR-/3  upregulation  should 
downregulate  COX-2. 

Telomerase  is  a  ribonucleoprotein  that  lengthens  and 
maintains  the  ends  of  chromosomes  that  arc  shortened  with 
successive  cell  divisions.22  Tclomerase  is  expressed  hi  up  to 
85%  of  NSCLC  tumors  and  plays  a  critical  role  in  sustaining 
cellular  immortality  and  card nogenes is  23,24  Wang  et  al11 
examined  mRNA  expression  of  the  human  telomerase  re¬ 
verse  transcriptase  catalytic  subunit  {hTERT)  in  153  pa¬ 
tients  from  our  database.  Positive  hTERT  expression  was 
significantly  associated  with  worse  overall  and  disease - 
specific  survival 

Tang  et  al7  examined  hypermethylatlon  of  the  death- 
associated  protein  kinase  {DAPK)  promoter  in  135  patients 
from  this  cohort*  Epigenetic  inactivation  of  tumor  suppres- 
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sor  genes  by  promoter  hypermethylatlon  frequently  occurs 
in  NSCLC.25,26  DAPK  is  a  putative  tumor-suppressor  gene 
that  encodes  for  a  calmodulin -dep  endent  kinase  that 
possesses  a  death  domain  at  its  C  terminus.27  DAPK  is 
required  for  interferon-gamma-induced  apoptosis  and 
seems  to  suppress  the  metastatic  ability  of  lung  cancer 
cells.23  In  the  study  by  Tang  et  al,7  DARK  hypermethyl- 
ation  was  significantly  associated  with  poorer  overall  and 
disease- specific  survival, 

Soria  et  al12  examined  the  role  of  interleukin- 10  (IL- 
10)  protein  expression  among  135  patients.  The  immuno¬ 
modulatory  effects  of  I L- 10  have  demonstrated  conflicting 
results  in  various  tumor  systems.  Some  reporLs  support  the 
role  of  IL-10  in  helping  tumors  evade  immunosurveillance 
because  IL-10  can  inhibit  macrophage,  T-cell,  and  antigen- 
presenting  cell  functions.29,30  Others  have  demonstrated 
that  IL-10  may  function  as  a  potent  inhibitor  of  tumor 
growth  and  metastasis*31,32  In  this  study,  IL-10  lack  of  ex¬ 
pression  was  sign  if!  can  Uy  associated  with  poorer  overall 
and  disease-specific  survival 

The  aforementioned  hypo  thesis- driven  studies  each 
focused  on  one  or  a  few  biomarkers.  To  simultaneously 
examine  multiple  potential  molecular  prognostic  factors 
in  this  clinical  research  database,  we  identified  94  pa¬ 
tients  who  had  complete  information  for  a  panel  of  six 
biomarkers  (RAR-fl,  COX-2,  hTERT,  DAPK  promoter 
methyiation,  IL-10,  and  K-rns).  Multivariate  Cox  regres¬ 
sion  analysis  was  used  to  identify  independent  predictors 
of  cancer-specific  survival  in  this  population  of  resected 
stage  I  NSCLC  patients, 


Study  Population 

Five  hundred  ninely-five  consecutive  patients  with  stage  I 
NSCLC  underwent  definitive  surgical  resection,  defined  as  a  lo¬ 
bectomy  or  a  pneumonectomy,  from  1975  to  1990  at  The  Univer¬ 
sity  of  Texas  M.D.  Anderson  Cancel1  Center  (Houston,  TX). 
Patients  did  not  receive  preoperative  or  postoperative  chemother¬ 
apy  or  radiotherapy.  We  retrospectively  identified  185  patients  for 
whom  both  tissue  samples  and  a  median  follow-up  period  of  more 
than  5  years  were  available*  All  available  tissue  blocks  were  re¬ 
viewed  by  a  thoracic  pathologist  (BX),  and  163  cases  had  ade¬ 
quate  tumor  present  in  the  surgical  specimen.  The  patient 
population  was  identified  through  a  search  of  the  Tumor  Registry 
database  maintained  by  the  Department  of  Medical  Informatics 
at  The  University  of  M.D.  Anderson  Cancer  Center.  Survival 
status  was  verified  and  updated  from  Tumor  Registry  records  as 
of  December  1, 2000,  This  study  was  reviewed  and  approved  by 
die  institutional  review  board  and  conducted  in  accordance 
with  its  policies. 

Five  published  studies /_9j  11,1 2  had  previously  examined  dif¬ 
ferent  molecular  prognostic  factors  among  the  163  patients  with 
sufficient  tumor  specimens  and  more  than  5  years  of  follow-up 
data.  The  sample  sives  ranged  from  135  to  160  patients.  A  total  of 
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Prognostic  Factors  in  Stage  i  WSCLC 


94  patients  had  complete  information  for  a  panel  of  six  biomark¬ 
ers,  and  these  patients  were  included  in  our  analysis- 

Methytation -Sp ectfic  Pol ym era se  Chain 
Reaction  ( PCR } 

These  methods  have  been  previously  described.7  Briefly, 
8-^im  sections  from  paraffin -embedded  tissue  blocks  were  ob¬ 
tained,  and  regions  with  tumor  cells  were  dissected  under  a  $te- 
rcomicroscopc.  In  the  initial  chemical  modification  steps  200  ng  of 
DNA  from  each  tumor  was  denatured  by  NaOH  and  treated  with 
sodium  bisulfite  (Sigma  Chemical  Co,  St  Louis,  MO).  DNA  was 
recovered  in  water  and  was  ready  to  add  to  a  PCR  with  the  use  of 
specific  primers  for  either  the  methylated  or  the  unmethylated 
DAPK  promoter*  as  described  previously. 33  DNA  was  amplified 
for  35  cycles*  and  PCR  products  were  separated  on  2%  agarose  gels 
and  visualized*  For  each  DNA  sample,  primer  sets  for  methylated 
DNA  and  un methylated  DNA  were  used  for  analysis.  The  hyper- 
methylation  status  was  determined  by  visualizing  a  98 -base  pair 
(bp)  PCR  product  with  the  methylation- specific  primer  set.  All 
FCfU  were  repeated  twice,  and  the  results  were  reproducible, 

ImrmmobistQchemical  Staining  for  IL-10  Protein 

Paraffin-embedded,  4-jumi‘  thick  tissue  sections  were  stained 
for  1L-L0  protein  using  a  primary  goat  polyclonal  antihuman 
IL-10  antibody  (AF-217-NA;  R&D  Systems,  Minneapolis,  MN)  as 
previously  described.12  Routinely  processed  tissue  sections  of 
normal  lymph  nodes  and  tonsils  were  used  as  positive  staining 
controls  and  were  also  stained  with  the  primary  antibody  omit¬ 
ted  to  confirm  staining  specificity.  Normal  bronchial  epithelial 
cells  that  constitu lively  produce  IL-10  were  also  used  as  inter 
ml  positive  controls,34 

The  1L-1Q  labeling  index  was  defined  as  the  percentage  of 
tumor  cells  displaying  cytoplasmic  immunoreactivity  and  was 
calculated  by  counting  IL-10 -stained  tumor  cells  among  at  least 
1,000  tumor  cells  for  each  section  as  previously  described.12  On 
the  basis  of  previous  reports,  if  10%  or  more  of  the  tumor  cells 
were  positive  for  IL-10,  the  case  was  considered  to  be  IL-10  posi¬ 
tive,3^  All  slides  were  scored  concomitantly  by  a  pathologist  (XX) 
and  another  investigator  (J,-CS.)  in  a  blinded  manner. 

hTERT  In  Situ  Hybridization  (tSH) 

These  methods  have  been  previously  described,11  The  ribo- 
probes  were  a  4 30- bp  HcoRV-BamHl  fragment  of  the  hTERT 
cDNA  that  has  been  used  in  other  studies36*37  as  well  as  part  of 
exon  1  from  the  heterogeneous  nuclear  ubonucleo  pi  olein  Al  as  a 
control  to  verify  sample  quality.  The  sbgle-strand-spedfic, 
digoxigen in- labeled  ribop robes  were  generated  by  in  vitro 
transcription,  ISH  was  performed  as  previously  described*37 
Slides  displaying  a  diffuse  but  dear  cytoplasmic  signal  were 
considered  to  be  positive,  as  reported  by  Falchetri  ct  al.38  More 
specifically,  our  slides  were  rated  as  positive  if  a  definite  and 
dear  signal  was  present  in  more  than  two  large  areas  on  the 
slide.  Slides  with  faint  signal,  the  absence  of  signal  or  only  focal 
positivity  were  considered  to  be  negative.  We  did  not  grade  the 
intensity  of  the  hybridization  signals, 

COX-2  and  RAR-p  ISH 

COX-2  and  RAR-J9  mRNA  were  detected  in  4-/j,m-thick 
sections  from  paraffin -embedded  tissue  using  nonradioactive  ISH 
with  digoxigenin-labeled  antisense  ribo probes  as  previously  de- 
scribed,8’*'3*  Retinoid  X  receptor- alpha  (RXR-a),  which  k  present 
in  greater  than  90%  of  NSCLCs,40  was  used  as  a  control  to  detect 
RNA  degradation.  The  rationale  for  using  RXR-a  as  a  control  for 
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intact  RNA  was  the  observation  that  all  70  cases  of  NSCLC  and 
normal  lung  tissue  cxprcsscdRXR-a  mRNA  in  a  previous  study,40 
Stained  sections  were  reviewed  by  three  independent  researchers, 
including  two  pathologists,  in  a  blinded  fashion.  Only  cytoplasmic 
staining  was  considered  positive.  Because  normal  bronchial  epi¬ 
thelium  expresses  RAR-J3,  positive  and  aberrant  RAR-jB  expres¬ 
sion  was  defined  as  ^  10%  and  less  than  10%  in  tratu  moral 
staining,  respectively.®  The  RAR-$  probe  that  was  used  identified 
all  RAR-/3  isoforms,  COX-2  expression  was  defined  as  either  pos¬ 
itive  (present)  or  negative  (absent)  * 

K-ras  Mutation  Analysis  With  PCR-Primer 
Introduced  Restriction  With  Enrichment  for  Mutation 
Alleles  { PCR-PIREMA ) 

A  modified  PCR-PIREMA  method  was  used  to  detect  K -ras 
codon  12  mutations.41  Briefly,  8-p.m  sections  from  paraffm- 
embedded  tissue  blocks  were  obtained,  and  regions  with  tumor 
cells  were  dissected  under  a  stereomicroscope.  Dissected  tissues 
were  digested  in  200  pL  of  digestion  buffer  containing  50  mmol/L 
Tris-HCl  (pH  8.0),  1%  sodium  dodecyl  sulfate,  and  proteinase 
K  (0.5  mg/niL)  at  42°C  for  36  hours.  The  digested  products 
were  purified  by  extracting  with  phenol -chloroform  twice* 
DNA  was  then  precipitated  by  the  ethanol  precipitation 
method  in  the  presence  of  glycogen  (Roche  Biochemicals,  In- 
dianapolis>IN),  recovered  in  distilled  water,  and  then  stored  at 
-20°C  until  used  for  PCR. 

Briefly,  PCR  around  K-ras  codon  12  was  performed  using  a 
mismatched  primer  (forward  primer:  S'-TGAATATAAACTTGT- 
G GTAG TTG G ACCT -3 1  j  reverse  primer:  5 1  -CTGTATCAAAG  A- 
AT GGTCC TGCACC-3 r )  that  introduced  an  Mvel  restriction  site 
into  the  PCR  products  derived  from  normal  alleles.  Mvnl  digestion 
of  the  PCR  products  left  only  the  PCR  products  derived  from 
mutant  alleles  intact,  after  which  further  FCR  selectively  amplified 
the  mutant  FCR  products*  The  first  PCR  reaction  was  performed 
with  mixtures  containing  0,5  pLof  DNA  recovery  solution,  10  ng 
of  each  nucleotide,  and  the  mismatched  primer  to  introduce  an 
Mvn  I  restriction  site  flanking  the  K -ms  exon  1,  with  15  cycles  at  an 
annealing  temperature  of  55°C.  The  first  PCR  products  were  di¬ 
gested  with  Mvfll  and  diluted  1;1Q0*  One  microliter  of  the  diluted 
product  was  amplified  by  20  cycles  of  PCR  with  the  same  primers 
at  an  annealing  temperature  of  40°C,  and  the  products  were  di¬ 
gested  with  Mml  a  second  time.  The  second  PCR  products  were 
diluted  1:100,  amplified  by  35  cycles  with  the  previous  forward 
primer  and  a  new  reverse  primer  (5LCTCTATTGTTGGATCA- 
TATTCGTCCAC-3')  at  an  annealing  temperature  of  65°C,  and 
digested  with  Mvul  a  third  lime*  The  final  digested  products  were 
then  electrophoresed  on  2.5%  agarose  gels  and  stained  with 
ethidium  bromide,  A  digestion-resistant  106-bp  band  indicated 
the  presence  of  a  K-ras  codon  12  mutation*  Extensive  measures 
were  taken  to  prevent  cross- con  lamination  of  samples,  A  normal 
control  sample  and  a  known  mutation  sample  were  included  in  all 
of  the  experiments* 

Statistical  Analyses 

Overall  survival,  disease-specific  survival,  and  disease-free 
survival  were  analyzed  in  this  study*  Survival  curves  were  esti¬ 
mated  by  the  Kaplan-Mder  method.  The  log-rank  test  was  used  to 
compare  survival  time  between  groups.  Fisher's  exact  test  was  used 
to  analyze  the  association  between  categoric  variables.  Using  a 
stepwise  selection  method,  a  Cox  proportional  hazards  model  was 
created  lo  identify  independent  predictors  of  survival,  with  adjust¬ 
ment  for  relevant  clinical  covariates  (tumor  stage,  histology, 
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smoking  status,  and  sex).  All  statistical  tests  were  two-sided,  and 
P  <  ,05  was  considered  statistically  significant- 

All  survival  curves  were  calculated  from  the  date  of  surgery. 
Overall  survival  took  all  deaths  (cancer  related  or  not)  into  ac¬ 
count.  Disease-specific  survival  time  was  calculated  from  the  date 
of  surgery  to  death  from  cancer- related  causes-  Disease-free  sur¬ 
vival  time  was  calculated  from  the  date  of  surgery  to  relapse  or 
death  from  cancer- tela  ted  causes. 


RESULTS 


Data  for  a  panel  of  six  molecular  markers  (RAH- (3,  COX-2, 
hTERT,  DAPK  promoter  mcthylaficm,  IL-1G,  and  K-ras) 
were  available  for  94  patients  in  our  retrospective  cohort. 
These  patients  were  the  study  population  for  our  analysis. 
Patient  characteristics  are  Listed  in  Table  1.  Median 
follow-up  time  for  alive  patients  and  those  lost  to  follow-up 
was  10.9  years.  Sixty- nine  patients  have  died.  Twenty-nine 
deaths  were  cancer  related. 

The  frequency  of  each  molecular  marker,  displayed  as  a 
negative  prognostic  factor,  is  listed  in  Table  %  Univariate 
analyses  of  each  molecular  marker  and  its  association  with 
disease-specific  survival  and  overall  survival  were  per¬ 
formed  (Table  3).  Similar  univariate  survival  analyses  of 
clinical  variables  (age,  sex,  and  smoking  status)  were  per¬ 
formed,  A  highly  significant  association  was  demonstrated 
between  age  (<  60  years  v  60  years)  and  overall  survival 
(P  =  .003).  Sex  and  smoking  status  were  not  associated  with 
overall  or  disease-specific  survival.  Age  60  years  was 
associated  with  a  significant  increased  risk  of  noncancer- 


Table  1,  Patient  Characteristics 

Characteristic 

No,  of 
Patients 

% 

Age,  years 

Median 

Range 

63.5 

41-02 

Sex 

Male 

72 

77 

Female 

22 

23 

Race 

White 

83 

88 

Other 

11 

12 

Smoker 

Yes 

82 

87 

No 

5 

6 

Unknown 

7 

7 

Histology 

Adenocarcinoma 

39 

41 

Squamous  cell  carcinoma 

39 

41 

Other 

16 

17 

TNM  stage 

T1  NO  Me 

44 

47 

T2NOMO 

50 

63 

Abbreviation:  TNM,  tumor- node- metastasis. 

Table  2,  Frequency  of  Molecular  Markers 

in  Stage  1  NSCLC 

Molecular 'Marker 

Frequency  (%} 

COX-2  expression 

60 

DAPK  methylation 

47 

K-ras  mutation 

34 

hTERT  expression 

34 

IL-10  lack  of  expression 

30 

RAR-0  expression 

23 

Abbreviations:  NSCLC,  non-smalkoil  lung  cancer;  COX-2,  cyclooxygen- 

ase;  DAPK,  death-associated  protein  kinase;  hTERT,  human  tetomerase 
reverse  transcriptase  catalytic  subunit:  IL-10,  interletrkin-10;  RAR-/J,  reti- 

note  acid  receptor-beta. 

related  death  (P  <  .001)  and  was  not  associated  with 
disease-specific  survival  (P  =  .577).  This  phenomenon  is 
likely  explained  by  the  relatively  long  follow-up  of  these 
subjects  and  by  the  fact  that  that  the  majority  of  deaths  (40 
of  69  deaths)  were  unrelated  to  cancer.  Ill  light  of  these 
findings,  we  reasoned  that  disease-specific  survival  would 
serve  as  a  more  clinically  relevant  end  point  for  this  cohort, 
although  we  continued  to  include  overall  survival  in  our 
analyses.  Disease -specific  survival  stratified  by  each  molec¬ 
ular  marker  is  shown  in  Figure  I. 

A  multivariate  Cox  proportional  hazards  model  was 
created  to  identify  predictors  of  disease-specific  survival 
(Table  4).  DAPJf  promoter  m ethylation  and  I L- 10  lack  of 
expression  were  significant  negative  prognostic  factors  for 
disease -specific  survival,  whereas  COX-2  expression  was  of 
borderline  significance.  The  same  variables  were  selected 
when  tumor  stage,  histology,  smoking  status,  and  sex  were 
included  in  the  model-  The  poorer  disease- specific  and 
overall  survival  of  patients  with  both  I)AFiC  methylation 
and  IL-1G  lack  of  expression  are  illustrated  in  Figure  2.  We 
defined  these  patients  as  a  high-risk  group,  and  the  remain¬ 
ing  patients  were  defined  as  a  low-risk  group.  A  log-rank 
test  assessing  the  difference  in  survival  between  these 
groups  was  statistically  significant  for  both  disease-specific 
survival  (F  <  .0001)  and  overall  survival  (F  <  .0001).  We 
note  that  the  definitions  of  the  htgh-  and  low- risk  groups 
are  data  dependent.  That  is,  the  definition  of  high  risk  was 
not  determined  a  priori.  A  similar  model  for  overall  survival 
yielded  three  significant  negative  prognostic  factors  (age 
^  60  years,  P  —  .0017;  COX-2  expression,  F  —  ,021;  and 
DAPK  methylation,  F  =  .044),  whereas  IL-10  lack  of  expres¬ 
sion  was  of  borderline  significance  (P  =  .069). 

Exploratory  analyses  of  the  relationships  between  the 
various  molecular  markers  were  performed.  Significant  as¬ 
sociations  were  found  between  hTERT  and  COX -2  expres¬ 
sion  (odds  ratio  [OR],  6.14;  95%  Cl,  2.09  to  18,04; 
P  —  .0004)  and  K-ms  mutations  and  DAPK  methylation 
(OR,  2,64;  95%  Cl,  L1Q  to  6,36;  P  —  .032).  Associations 
between  IL-10  Jack  of  expression  and  hTERT  expression 
(OR,  2.63;  95<&  Cl,  1.06  to  6.67;  P  =  ,0 56),  IL-10  lack  of 
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Table  3.  Univariate  Analysis  of  Molecular  Markers  With  Disease-Specific  and  Overall  Survival 

Molecular  Marker 

Disease-Specific  Survival 

Overall  Survival 

Hazard  Ratio 

95%  Cl 

P 

Hazard  Ratio 

95%  Cl 

P 

IL-10  lack  of  expression 

3.17 

1.63  to  6.62 

,002 

1 ,21  to  3*26 

DAPK  mothylation 

3.00 

t.39to  6.47 

,005 

1*06  to  2*72 

.030 

hTERT  expression 

2.39 

1+l6to4.97 

.020 

1,46 

0.91  to  2.42 

.116 

COX-2  expressiun 

2.44 

1,08  to  6.64 

.032 

1.S0 

1.09  to  2.36 

.022 

RAR-0  expression 

1.47 

0.66  to  3.25 

,345 

1,23 

0*72  to  2.09 

.446 

K -ms  mutation 

1.00 

0.45  to  2.20 

,936 

1.18 

0.71101.95 

,517 

Abbreviations;  IL-10,  interleukln-l  D;  DAPKt  death  associated  protein  kinase;  hTERT,  human  tefamerasG  reverse  transcriptase  catalytic  subunit;  CGX-2* 
eyctooxyflunase-S;  RAR-J3,  retinoic  acid  receptor-beta ■ 


expression  and  COX-2  expression  (OR,  2*63;  95%  Cl,  0*99 
to  7.14;  P  —  .066),  and  COX-2  expression  and  RAR-/3 
expression  (OR,  2.88;  95%  Cl,  0.96  to  8.64;  P  =  .08)  were  of 
borderline  s  ign  iffca  n  ce. 

We  also  investigated  other  models  by  performing  all 
two- variable,  three -variable,  and  four- variable  multivariate 
models*  On  the  basis  of  these  analyses,  only  DAPK  methyl  - 
ation  and  IL-10  lack  of  expression  were  statistically  signifi¬ 
cant  (P  <  ,05)  for  ail  models*  Furthermore,  the  three- 


variable  model,  including  .DAPK  methylation,  IL- 10  lack  of 
expression,  and  COX-2  expression,  had  the  lowest  Akaikc 
in  formation  Criterion  (AIC)  value  of 224*029  (although  the 
two- variable  model  that  excluded  COX-2  expression  had  an 
AIC  of  similar  value)*  We  noted  that  there  was  some  evi¬ 
dence  of  association  between  IL-10  lack  of  expression  and 
hTERT  expression  (OR,  2.63;  P  =  .056)  and  IL- 10  lack  of 
expression  and  COX-2  expression  (OR,  2,63;  P  =  *066). 
Moreover,  hTERT  and  COX-2  expression  were  highly 


Fig  1*  Dte&ase-spRCEfEc  survival  stratified  by  [A)  retinoic  acid  reespfor-beta  (RAR-p)  mRN A  expression ,  [EJ)  K-zas  mutation  status,  (C)  hum&u  telom erase  reverse 
transcriptase  catalytic  subunit  (hTERT)  mRNA  expression,  (D)  cyclooxy gens ss-2  (COX-2)  mRNA  expression.  (E)  dealh-assooictcd  protein  kinase  { DAPK) 
methylation,  and  (F)  interleukin-10  (IL-10)  protein  expression. 
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Tab  la  fl,  Multivariate  Cox  Regression  Model  for 
Disease-Specific  Survival 

Molecular  Marker 

Hazard 

Ratio 

96%  C! 

P 

DAPK  methyiation 

3.11 

1,42  to  6.73 

.004 

IL-10  lack  of  expression 

2.62 

1,24  to  6,66 

.012 

COX-2  expression 

2.13 

0.92  to  4.96 

.0/7 

Abbreviations:  DAPK,  death  associated  protein  kinase;  IL-10,  interteukift- 

10;  CQX-2,  cyclooxygengse-2, 


associated  (OR,  6.14;  P  -  *0004).  We  ensured  that  the 
effect  of  these  variables  was  not  masked  by  colinearity  by 
modeling  them  separately.  Specifically,  we  modeled 
COX- 2  expression  with  DAPK  methyiation  (A1C  — 
228,135)  and  hTERT  expression  with  DAPK methyiation 
(AIC  =  228*654).  Neither  of  these  models  provided  bet¬ 
ter  fit  than  the  model  chosen. 


Our  findings  further  characterize  and  extend  our  group^s 
previous  research  efforts  to  identify  novel  molecular  prog- 


Fiy  2.  Disease-specific  survival  (A)  and  overall  survival  (B)  of  patients  with 
both  death-associated  protein  kinase  methylatioo  and  interleukin-10  lack  ol 
expression  [high  risk)  versus  other  patients  [low  risk). 


nostic  factors  in  patients  with  early-stage  NSCLC.  We  iden¬ 
tified  94  patients  with  complete  information  for  a  panel  of 
six  molecular  markers*  Each  biomarker  had  been  previ¬ 
ously  studied  as  a  prognostic  factor  based  on  its  role  in 
carcinogenesis*  When  analyzed  individually,  five  of  these 
biomarkers  (RAR-/3,  COX-2,  hTERT,  DAPK  promoter 
methyiation,  and  IL-10)  were  demonstrated  in  prior 
studies7"9' Jl>,a  by  our  group  to  be  significant  predictors 
of  survival.  One  available  marker  (K-rflj)  was  included 
in  the  current  analysis  based  on  published  data  demon¬ 
strating  that  it  had  prognostic  significance  in  early-stage 
NSCLC, 14,42  even  though  it  did  not  have  prognostic  signif¬ 
icance  in  univariate  analysis  in  our  patients.  Our  multivari¬ 
able  analysis  indicates  that  two  biomarkers  (DAPK 
promoter  methyiation  and  1L-1G)  function  as  indepen¬ 
dent  predictors  of  disease-specific  survival,  and  a  third 
bio  marker  (COX-2)  is  of  borderline  significance  in  this 
cohort  These  findings  should  be  confirmed  in  other 
NSCLC  patient  populations. 

Our  results  further  support  the  importance  of  epige¬ 
netic  gene  regulation  in  lung  carcinogenesis.  Others  have 
demonstrated  that  aberrant  promoter  methyiation  of 
DAPK  and  other  genes  frequently  occurs  in  NSCLC  tu- 
mors,25’26  suggesting  that  methyiation  may  be  a  common 
mechanism  of  inactivation  of  cancer- related  genes.  DAPK 
promoter  methyiation  was  the  most  statistically  significant 
predictor  of  survival  in  our  study.  Kim  et  al4J  investigated 
the  role  of  DAPK  methyiation  in  185  NSCLC  patients  who 
underwent  surgical  resection,  including  102  patients  with 
stage  I  disease.  DAPK  methyiation  was  significantly  corre¬ 
lated  with  advanced  stage,  suggesting  that  DAPK  may  be 
important  in  the  progression  of  NSCLC*  Stage  I  patients 
with  DAPK  methyiation  had  worse  overall  survival,  al¬ 
though  this  association  was  not  statistically  significant.  The 
authors  noted  that  patient  follow-up  data  was  limited,  and 
this  factor  may  have  contributed  to  their  findings.  Harden 
et  af14  examined  promoter  methyiation  of  a  panel  of  five 
genes  in  tumors  and  lymph  nodes  of  90  stage  I  NSCLC 
patients.  Interestingly,  patients  with  both  DAPK  and  adeno¬ 
matous  polyposis  coli  gene  methyiation  had  poorer  overall 
survival  that  did  not  reach  statistical  significance,  although 
the  methyiation  of  either  gene  alone  was  not  a  predictor  of 
survival.  Possible  explanations  for  these  results  include  the 
relatively  low  frequency  ofDAPK  methyiation  (17%)  com¬ 
pared  with  our  findings  (47%)*  The  smaller  number  of 
patients  with  DAPK  methyiation  (n  -  15)  would  result  in 
the  study  having  less  power  to  detect  significant  associations 
with  survival. 

The  role  of  IL-10  in  carcinogenesis  remains  controver¬ 
sial.  Our  findings  indicate  that  loss  of  IL-10  expression 
predicts  poor  disease -specific  survival  in  early-stage 
NSCLC,  Human  bronchial  epithelial  cells  constitu¬ 
tive^  produce  IL-10,  which  may  regulate  the  local  immune 
response  in  normal  lungs,34  IL-10  also  seems  to  have 
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significant  inhibitor/  effects  on  tumor  growth  and  metasta¬ 
sis  in  multiple  animal  models  and  tumor  types,  including 
melanoma*  breast  cancer*  prostate  cancer,  and  Burkin’s 
lymphoma/1*32*4547  Evidence  suggests  that  1M0  exerts  its 
antitumor  and  antimetastatic  activity  by  inhibiting  angio¬ 
genesis*  and  this  activity  is*  in  part*  mediated  by  the  down- 
regulation  of  angiogenic  molecules*  such  as  vascular 
endothelial  growth  factor,  IL-1J3,  tumor  necrosis  factor-^* 
IL-6*  and  matrix  metalloproteinase- 9  (MM  P-9),  in  tumor- 
associated  macrophages.31  In  addition*  IL-10  may  also  di¬ 
rectly  affect  the  secretion  of  angiogenic  molecules  from  the 
tumor-  Stearns  et  al46  demonstrated  that  1L-1G  induces 
tissue  inhibitor  of  metalloproteinase- 1  production  and  in- 
hibits  MMP-2  and  MMP-9  secretion  by  human  prostate 
cancer  cell  lines  orthotop ically  implanted  into  mice,  result¬ 
ing  in  decreased  tumor  microvessel  formation  and  in¬ 
creased  mice  survival  In  a  murine  mammary  tumor  model, 
the  antitumor  and  antimetastatic  effects  of  IL-10  gene 
transfection  were  associated  with  elevated  nitric  oxide  levels 
in  tumors.43  Others  have  shown  that  IL-10  can  directly 
inhibit  the  proliferation  of  endothelial  cdls  stimulated  with 
vascular  endothelial  growth  factor  or  fibroblast  growth 
factor-2  in  vitro,47  An  intriguing  molecular  epidemiologic 
case- control  study  demonstrated  that  IL-10  promoter  poly¬ 
morphisms  that  resulted  in  lower  IL-10  expression  were 
associated  with  an  increased  risk  of  developing  melano¬ 
ma/9  Furthermore,  some  authors  have  suggested  that  lung 
cancer  cells  can  modulate  IL-10  expression  by  stromal  com¬ 
ponents.  In  the  present  study,  only  nine  of  94  samples  dis¬ 
played  tumor-infiltrating  lymphocytes  or  tumor-associated 
macrophages,  therefore  hindering  any  relevant  analysis  of 
IL-10  production  by  infiltrating  immune  cells. 

The  data  supporting  the  antitumor  and  a ntimeta static 
activity  of  3L-10  are  compelling,  but  most  preclmical  mod¬ 
els  using  IL-10  to  mediate  such  effects  do  so  at  concentra¬ 
tions  that  far  exceed  the  levels  demonstrated  in  lung  cancer 
patients.  Other  authors  have  demonstrated  that  TL-1G  is  a 
potent  immunosuppressive  molecule  that  may  promote 
lung  cancer  growth  by  suppressing  T-ccll  and  macro¬ 
phage  funcLion  and  enabling  tumors  to  escape  immune 
detection/*^52  Elevated  baseline  serum  IL-10  levels  were 
found  to  be  independent  predictors  of  poorer  survival  in  60 
advanced- stage  NSCLC  patients  receiving  platinum-based 
chemotherapy/3  Ilatanaka  et  al54  measured  IL-10  mRNA 
levels  by  reverse  transcriptase  PCR  in  the  tumors  of  82 
NSCLC  patients  who  underwent  surgical  resection.  Their 
assay  demonstrated  IL-10  expression  in  S3  %  of  the  surgical 
specimens.  In  contrast  to  our  results*  IL-10  expression  was 
significantly  associated  with  worse  survival.  The  reasons  for 
these  discrepant  findings  remain  unclear.  These  investiga¬ 
tors  included  patients  with  stages  I  to  Illb  disease  in  their 
study  and  used  a  different  IL-10  assay  (mRNA  v  protein) 
than  the  assay  we  used  in  our  study.  These  factors  may  have 
contributed  to  these  divergent  results. 

www.jco.org 


Our  exploratory  analyses  demonstrate  a  highly  significant 
asso ciation  b e tween  hTERT  expression  and  COX-2  expression 
(P  =  .0004).  A  precise  explanation  for  this  correlation  is  lack¬ 
ing*  although  various  COX-2  inhibitors  have  been  reported  to 
inhibit  both  tumor  growth  and  tetomerase  activity  in  mice/5'56 
We  also  observed  a  significant  association  between  K-wj  mu¬ 
tations  and  DAPK  mcthylation  (P  —  .032) .  Reports  suggesting 
that  DMA  mcthylation  may  be  regulated  by  the  ras  signaling 
pathway*7,58  are  consistent  with  these  findings.  However,  oth¬ 
ers  have  not  found  correlations  between  ras  mutations  and 
promoter  hypermethylation  In  NSCLC  tumors/3,59  Clearly*  a 
better  understanding  of  the  significance  of  these  associations 
will  require  future  studies.  Our  analyses  also  demonstrate  a 
borderline  significant  association  between  IL-10  lack  of  ex¬ 
pression  and  COX-2  expression  (P  =  .06 6) Z0,61  This  finding  is 
consistent  with  data  suggesting  that  IL-10  has  the  capacity  to 
potently  down  regulate  COX-2,  Therefore*  in  the  absence  of 
IL-10,  COX-2  and  its  derived  products  would  be  more  abun¬ 
dant  and  could  further  promote  tumor  progression. 

This  study  is  limited  by  its  retrospective  nature  and  the 
inclusion  only  of  patients  with  complete  information  for  all 
six  biomarkers.  It  is  difficult  to  speculate  on  potential  biases 
affecting  our  results.  It  is  possible*  for  example,  that  small 
tumors  with  limited  tissue  availability  were  underrepre¬ 
sented  in  this  cohort.  These  results  should  be  validated  in  a 
separate  population  of  NSCLC  patients. 

In  conclusion*  our  analysis  of  six  molecular  markers  in 
patients  with  resected  stage  I  NSCLC  yielded  two  indepen¬ 
dent  predictors  of  poorer  disease-specific  survival;  DAPX 
methylation  and.  IL-10  lack  of  expression.  Future  studies  are 
warranted  to  further  define  their  roles  in  tumor  prolifera¬ 
tion  and  metastasis.  However,  these  and  other  potential 
molecular  prognostic  factors  have  yet  to  be  validated,  and 
thus,  the  integration  of  molecular  marker  assessments  into 
the  routine  clinical  management  of  NSCLC  has  remained 
an  elusive  goal.  As  the  number  of  potential  molecular  mark¬ 
ers  increases,  it  has  become  more  difficult  to  assess  which 
prognostic  factors  are  likely  to  be  clinically  relevant,  A  com¬ 
prehensive  multivariable  analysis  is  not  feasible  because  the 
majority  of  studies  analyze  only  a  single  or  a  few  biomarkers 
at  a  time.  In  this  regard,  the  development  of  high- 
throughput  technologies  to  determine  gene- expression 
profiles  and  protcomic  patterns  of  tissue  specimens  repre¬ 
sents  a  significant  mcthodologic  advance.  Several  recent 
reports  have  demonstrated  that  mRNA  and  protein  pat¬ 
terns  of  NSCLC  tumors  may  be  predictive  of  survival.62,65 
Hopefully*  these  technologies  will  eventually  provide  the 
clinician  with  a  reliable,  validated  molecular  staging  system 
that  will  improve  therapeutic  strategies  for  NSCLC. 
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Abstract 

Several  studies  have  shown  antitumor  activities  of  the 
melanoma  differentiation  -  associated  gene  7  (rotfa-7)  and 
the  nonsteroidal  anti-inflammatory  drug  sulindac  when 
used  as  a  monotherapies  against  a  wide  variety  of  human 
cancers.  However,  the  combined  effects  of  mda-7  and 
sulindac  have  not  previously  been  tested.  Therefore,  we 
tested  the  antitumor  activity  of  an  adenoviral  vector 
expressing  mda-7  {Ad-mda7J  In  combination  with  sulindac 
against  non -small  cell  lung  cancer  cells  in  vitro  and 
In  vivo.  When  treated  with  Ad<mda7  in  combination  with 
sulindac,  human  lung  cancer  cells  (A549  and  HI 299) 
underwent  growth  suppression  resulting  in  apoptosis.  The 
growth  inhibition  induced  by  Ad-mda7  in  combination  with 
sulindac  was  significantly  greater  than  that  observed  with 
Ad-mda7  or  sulindac  alone.  Furthermore,  the  degree  of 
growth  inhibition  induced  using  this  combination  was 
dose-dependent  for  sulindac.  Treatment  with  Ad-mda7  in 
combination  with  sulindac  had  no  growth  Inhibitory 
effects  on  human  normal  lung  {CCD- 16)  fibroblasts.  We 
then  investigated  the  mechanism  by  which  sulindac 
enhances  Atf-mda7-mediated  apoptosis.  Sulindac  in* 
creased  expression  of  ectopic  MDA-7  protein  in  tumor 
cells,  thereby  increasing  the  expression  of  downstream 
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effectors  RNA-dependent  protein  kinase,  pSSMAPK, 
caspase-9,  and  caspase-3  and  enhancing  apoptosis  of 
non -small  ceil  lung  cancer  cells.  Pulse-chase  experiments 
showed  that  the  increased  expression  of  MDA-7  protein  in 
sulindac* treated  cells  was  due  to  increased  half-life  of  the 
MDA-7  protein.  Finally,  treatment  of  human  lung  tumor 
xenografts  in  nude  mice  with  Ad-mda7  plus  sulindac 
significantly  suppressed  growth  { P  =  0.001)  compared 
with  Ad“mda7  or  sulindac  alone.  Our  results  show  for  the 
first  time  that  combined  treatment  with  Ad-mda7  plus 
sulindac  enhances  growth  inhibition  and  apoptosis  of 
human  lung  cancer  cells.  The  increased  antitumor  activity 
observed  with  the  combination  treatment  is  a  result  of 
increased  half -life  of  MDA-7  protein.  Regulation  of  protein 
turnover  Is  a  heretof ore-unrecognized  mechanism  of  this 
nonsteroidal  anti-inflammatory  drug.  [IVIol  Cancer  Ther 
2005;4{2):291  -304) 

Introduction 

The  novel  gene  mdn-7f  also  known  as  IL-24f  belongs  to  the 
interleukin  (ILJ-10  cytokine  family  (1,  2).  We  and  others 
have  previously  shown  that  mda-7  jlh-24^  when  expressed 
ectopically,  exhibits  potent  tumor  suppressive  activity 
against  a  variety  of  human  cancer  cdls  with  minimal  or 
no  toxic  effects  to  normal  cells  (3-12),  Additionally,  an 
adenoviral  vector  expressing  mda-7  (Ad-mda7)  adminis¬ 
tered  in  tra  tumor  ally  to  human  lung  tumor  xenografts  has 
shown  antitumor  and  anil  angiogenic  activities  (13).  The 
mechanism  by  which  mda-7  exerts  its  cytotoxic  effects 
varies  and  is  cell- type  dependent.  A  number  of  molecular 
effectors  have  been  shown  to  play  a  role  in  mrfrt-7-mcdialcd 
apoptosis  including  activation  of  the  caspase  cascade  (5, 6), 
activation  of  RNA-dependent  protein  kinase  (PKR;  ref.  14), 
activation  of  c-Jun-NH2- kinase  (JNK;  ref.  15),  inhibition  of 
phosphoinositide-3  kinase  (16),  activation  of  the  stress 
response  known  as  the  unfolded  protein  response  (17), 
activation  of  p38MAFK  (18),  and  activation  of  Fas-FasL.5 
However,  although  the  upstream  initiator  effectors  differ 
among  the  tumor  cell  types  tested,  the  downstream 
pathways  seem  to  converge  at  the  level  of  mitochondrial 
disruption  and  activation  of  the  caspase  cascade  and 
culminating  in  apoptosis.  In  addition  to  its  antitumor 
activity,  we  recently  showed  antimetastatic  activity  of 
MDA-7  against  human  lung  tumor  cells  both  in  vitro  and 
in  vivo  (19).  The  results  of  these  studies  strongly  indicate 
that  mda-7 /IL-24  is  a  potent  tumor  suppressor  gene. 
Additional  evidence  in  support  of  this  hypothesis  is  the 


Gopjdai),  3.  Siiatme.  A.  Liivak,  S+  Chads,  and  K.  Ramesh,  unpublished  dataT 


Mol  Cancer  Ther  2095;4(2).  February  2005 


292  Sulindac  and  MDA-7/IL-Z4- Mediated  Apoptosis 


finding  of  EHerhorst  et  al,  (20)  who  showed  an  inverse 
correlation  between  MDA-7  expression  and  melanoma 
progression*  In  recent  studies,  we  showed  that  the  MDA“ 
7  protein  is  secreted  and  that  the  secreted  protein,  sMDA-7, 
has  potent  antiangiogenic  activity  (21).  Can  dell  et  at.  (22) 
further  showed  that  sMDA-7  functions  as  a  Thl  cytokine. 
Collectively,  these  studies  show  that  the  mda-7  gene 
encodes  multiple  functions  and  holds  considerable  promise 
for  cancer  therapy.  On  the  basis  of  its  unique  properties,  a 
phase  I  trial  of  an  adenoviral  vector  expressing  mda-7  (Ad- 
mda7/INGN-241)  for  treatment  of  patients  with  solid 
tumors  has  been  completed.  In  this  study,  Ad-mda7/ 
INGN-241  was  administered  in tra tum orally  to  22  patients. 
Preliminary  results  indicated  that  Ad-mda7  was  well 
tolerated  with  no  unusual  toxicides  and  induced  high 
levels  of  apoptosis  in  tumors  (23, 24).  Although  Ad-mda7  is 
being  tested  as  a  monotherapy,  combination  of  Ad-mda7 
with  conventional  therapies,  such  as  radiotherapy  and 
chemotherapy,  and  otheT  novel  therapies,  such  as 
steroids,  antisense,  oligonucleotides,  and  nonsteroidal 
anti-inflammatory  drugs  (NS AID),  will  likely  prove  even 
more  effective.  Treatment  of  lung  cancer  cells  and  gliomas 
with  Ad-mda7  in  combination  with  radiotherapy  enhanced 
growth  suppression  both  in  vitro  and  in  vivo  (15,  25,  26). 
In  addition,  Ad-mda7  combined  with  antisense  oligonu¬ 
cleotides  against  ras  inhibited  the  growth  of  pancreatic 
cancer  cells  (27).  Ad-mda7  combination  with  Herceptin 
exhibited  enhanced  activity  against  He r-2/neu  “positive 
breast  cancer  cell  in  vitro  and  in  vivo  (28)  Sulindac,  a  NSAID 
family  member,  is  well  known  for  its  anti-inflammatory 
activity,  which  derives  from  its  ability  to  inhibit  the 
cyclooxygenase  (COX)  enzymes  (29).  Recent  studies  have 
revealed  a  link  between  COX-2  expression  and  carcinogen¬ 
esis,  suggesting  that  inhibiting  COX-2  can  prevent  cancer 
growth  or  progression  (30).  In  fact,  NSAID  treatment  of 
patients  with  adenomatous  polyposis  coli  resulted  in 
regression  of  colonic  adenoma  thereby  reducing  the  risk 
of  colon  cancer  (31-33).  Based  on  the  findings  of  the  above 
studies,  the  beneficial  effects  of  NSAIDs  have  also  been 
tested  in  the  prevention  of  lung,  esophageal,  prostate, 
pancreatic,  and  gastric  cancers,  in  which  COX-2  is 
cons titu lively  expressed  (33,  33-37).  The  results  of  these 
studies  have  clearly  shown  that  the  antitumor  activity  of 
sulindac  or  other  NSAID  occurs  by  inhibiting  COX-2. 
However,  sulindac  sulfone,  a  metabolite  of  sulindac  lacking 
the  inhibitory  effects  on  COX-2,  reduced  the  incidence  of 
tumors  in  animal  models  of  breast  and  colon  cancer  (35, 38). 
Subsequent  studies  have  shown  that  sulindac  and  its 
metabolites  Induce  apoptosis  of  various  cultured  tumor 
cell  lines  including  a  lung  cancer  cell  line  through  COX- 
independent  pathways  (34,  39).  The  mechanism  by  which 
sulindac  sulfone  exert  its  antiproliferative  and  antineoplas- 
tic  activity  is  by  inhibition  of  cyclic  guanosine  3^,5/- 
monophosphate  phosphodiesterase,  activation  of  protein 
kinase  G,  and  phosphorylation  of  selective  substrates,  such 
as  H-catenin  and  JNK  (40).  From  these  studies,  it  is  now 
evident  that  sulindac  and  its  metabolites  exert  potent 
antitumor  activity  against  a  broad  spectrum  of  human 


cancer  cells  by  inhibiting  various  signaling  pathways. 
Recent  in  vitro  and  in  vivo  studies  have  shown  that 
anticancer  drugs,  such  as  dsplatin,  paclitaxel,  or  docetaxel, 
in  combination  with  sulindac  metabolites,  had  synergistic 
inhibitory  effects  in  lung  cancer  cells  (31,  42).  Similarly, 
combined  treatment  of  sulindac  plus  epidermal  growth 
factor  receptor  inhibitor  or  sulindac  plus  lactacystin 
enhanced  antitumor  activity  against  colorectal  cancer  cells 
(43).  The  mechanism  by  which  sulindac  and  Its  metabolites 
increased  antitumor  activity  of  lactacystin  was  by  affecting 
the  pro  teas  ome  activity.  Previous  studies  using  diemo  ther¬ 
apy  treatment  strategies  have  shown  that  combination  with 
sulindac  and  its  metabolites  enhances  the  drug's  potency 
(41-  44).  Studies  have  also  shown  that  combining  gene 
therapy  with  various  drugs  enhanced  transduction  effi¬ 
ciency  resulting  in  enhanced  tumor  cell  killing  (45). 
However,  the  combination  of  gene  therapy  with  sulindac 
has  not  been  previously  reported.  We  therefore  examined 
the  effect  of  sulindac  in  combination  with  Ad-mda7  against 
human  lung  cancer  cells.  Our  results  show,  for  the  first 
time,  that  treatment  of  human  Lung  cancer  cells  with 
sulindac  in  combination  with  Ad~mda7  leads  to  enhanced 
additive  to  synergistic  growth  inhibition  and  cell  killing. 
Furthermore,  we  show  that  enhanced  killing  is  due 
increased  half-life  of  MDA-7  protein  and  not  due  to 
increased  transduction  efficiency.  Additionally,  the  en¬ 
hanced  killing  is  selective  for  tumor  cells  with  minimal 
effect  on  normal  cells.  Hie  findings  of  the  present  study 
provide  a  basis  for  combining  Ad-mda7  with  sulindac  for 
lung  cancer  treatment. 

Materials  and  Methods 

Cell  Lines  and  Celi  Culture 

Human  non -small  ceil  lung  cancer  cell  lines  A549 
(adenocarcinoma,  wild  type  for  p53)  and  H1299  (large  cdl 
carcinoma,  null  type  for  p53)  were  obtained  from  Drs.  A. 
Gazdar  and  J.D.  Minna  (University  of  Texas  Southwestern 
Medical  Center,  Dallas,  TX).  The  normal  lung  fibroblast  celt 
line  CCD-16  was  obtained  from  American  Type  Culture 
Collection  (Rockville,  MD).  AS 49  and  HI 299  cells  were 
maintained  in  appropriate  medium  as  previously  described 
(5).  CCD-16  cells  were  cultured  in  a  media  supplemenled 
with  10%  fetal  bovine  serum  (Life  Technologies,  Grand 
Island,  NY)  and  maintained  at  37 CC  in  a  humidified  5% 
CO2  phis  95%  air  atmosphere. 

Agents 

Sulindac,  sulindac  sulfone,  MG  132  (a  proteosome  inhib¬ 
itor),  and  cycloheximide  (a  protein  synthesis  inhibitor) 
were  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
Sulindac  was  dissolved  in  1  mol/L  Tris-HCl  (pH  8.0),  to 
make  100  mmol/L  stock  solution.  MG  132  was  dissolved  in 
DMSO  to  make  10  mmol/L  stock  solution.  These  stock 
solutions  were  stored  frozen  at  -20CC. 

Recombinant  Adenoviral  Vector 

Ad-mda7  and  Ad-luc  vectors  were  constructed  and 
purified  as  previously  reported  (5,  6),  The  transduction 
efficiencies  for  the  cell  lines  were  determined  with  an 
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adenoviral  vector  carrying  green  fluorescent  protein 
(Ad-GFP).  Transduction  efficiency  was  >80%  when 
infected  with  3/000  viral  particles  per  cell  {vp/cell;  data 
not  shown)-  On  the  basis  of  these  results,  cells  were  treated 
with  3,000  vp/cell  in  all  subsequent  experiments*  To 
determine  the  effect  of  sufindac  on  adenovirus  transduc¬ 
tion,  tumor  and  normal  cells  were  infected  with  Ad-GFP  at 
100  vp/cell  and  analyzed  for  GFP  expression  at  24  hours  by 
fluorescence-activated  cell  sorting  (FACS;  Table  1)* 

Cell  Proliferation  Assay 

All  three  cell  lines  (A549,  H1299,  and  CCD-16)  were 
seeded  in  fiO-mm- diameter  tissue  culture  dishes  at  a 
density  of  1  x  1C5  cells /dish  in  triplicate-  The  next  day, 
cells  were  treated  with  PBS  (control),  Ad-luc  (3,000  vp/cell; 
control),  Ad-mda7  (3,000  vp/cell;  control),  sulindac,  or  a 
combination  of  PBS  plus  sulindac,  Ad-luc  plus  sulindac,  or 
Ad-mda7  plus  sulindac.  The  concentrations  of  sulindac 
tested  were  0.123,  025,  and  0*5  mmol/L,  At  72  hours  after 
the  start  of  treatment,  the  cells  were  harvested  by 
trypsinizatfon,  washed,  and  subjected  to  trypan  blue 
exclusion  assay  as  previously  described  (5)  Cell  growth 
was  determined  by  calculating  the  mean  of  the  cell  counts 
for  each  treatment  group  and  expressed  as  a  percentage  of 
die  total  number  of  cells  treated  with  PBS,  Ad-luc,  or  Ad- 
mda7  treatment  alone  (set  to  100%). 

Ceil  Cycle  Distribution  and  Apoptosis 

Cells  (5  x  10^)  were  seeded  in  a  10-cm-diameter  tissue 
culture  dish  and  treated  with  PBS,  Ad-luc  (3,000  vp/cdl), 
Ad-mda7  (3,000  vp/cell),  sulindac,  or  a  combination  of  PBS 
plus  sulindac,  Ad-tuc  plus  sulindac,  or  Ad-m da7  plus 
sulindac.  Each  treatment  group  was  tested  in  triplicate.  The 
concentrations  of  sulindac  used  were  the  same  as  those  for 
the  cell  proliferation  assay.  At  72  hours  after  the  start  of  the 
treatment,  cells  were  harvested,  washed,  and  analyzed  for 
cell  cycle  phases  and  apoptolic  fraction  as  previously 
described  (5),  The  cell  cycle  phases  and  DNA  contents  were 
analyzed  using  FACScan  (EPICS  XL-MCL,  Beckman 
Coulter,  Fullerton,  CA).  In  a  separate  set  of  experiment, 
cells  were  treated  with  Ad-p53  (50  vp/cell)  or  a  combina¬ 
tion  of  Ad-p53  and  sulindac.  All  other  experimental 
conditions  were  the  same  as  described  above, 


Table  1.  Transduction  efficiency  In  lung  cancer  (A549  and 
HI 299]  and  normal  1  CCD- 1 6)  colls  treated  with  Ad-GFP  and 
sulindac 


Cell  line 

Sulindac  (mmol/L) 

0 

0*125 

0.25 

0.5 

A549 

HI  299 
CCD-16 

485  ±  6.5 
795  ±  2.2 
15.7  ±  0,2 

52.4  ±  0*6 
80,0  ±  0*5 
12,1  ±  04 

515  ±  U 
78.6  ±  12 

11.1  ±  1.0 

65.0  ±  15* 

82.7  ±  2.8 

13.7  ±  04 

NOTE:  Cells  wifrc  treated  with  Ad-GFP  (100  vp/cell)  for  3  hours,  followed 
by  sulindac  nf  the  indicated  concentrations  for  24  hours.  Percentages  of 
transduction  efficiency  were  determined  by  flaw  cytometry. 

*P  <  0.05  compared  with  Ad-GFP  treatment  alone.  No  other  differences 
between  the  groups  shown  was  significant. 


Immunofluorescence  Assay 

Cells  (1  x  104)  were  seeded  in  two-wcll  chamber  slides 
(Fisher  Scientific,  Pittsburgh,  PA)  and  treated  with  PBS, 
Ad-mda7  (3,000  vp/cell),  PBS  plus  sulindac  (0.5  mmol/L), 
or  Ad-mda7  plus  sulindac  (0.5  mmol/L),  At  48  hours  after 
the  start  of  treatment,  the  cells  were  washed  with  PBS  and 
fixed  in  PBS-buffcrcd  4%  paraformaldehyde  for  30  minutes 
at  room  temperature.  The  cells  were  then  permeabilized 
with  0.1%  Triton  X-100  and  0*1%  sodium  citrate  for 
10  minutes  at  room  temperature,  followed  by  incubation 
with  normal  goat  serum*  At  30  minutes  after  the  start  of  the 
incubation,  cells  were  washed  with  PBS  and  incubated  with 
rabbit  polyclonal  anti-human  MDA7  antibody  (Introgen 
Therapeutics  Inc.,  Houston,  TX)  for  1  hour  at  37  *C,  The 
cells  were  then  washed  thrice  with  PBS  and  incubated  for 
1  hour  with  goat  anti-rabbit  FITC- tagged  secondary 
antibody  (Vector  Laboratories,  Burlingame,  CA),  washed 
thee  times  in  PBS,  mounted  with  a  coverslip,  and  observed 
for  MDA-7  protein  expression  using  a  Nikon  fluorescence 
microscope  (Nikon,  Melville,  NY).  Photomicrographs  were 
obtained  at  high-power  magnification, 

Proteasome  Activity  Assay 

Protea  some  activity  assays  were  done  as  previously 
described  (43).  Briefly,  H1299  cells  were  seeded  in  six^well 
plates  (2  x  105  cells/well)  and  treated  with  Ad-mda7,  Ad- 
mda7  plus  sulindac,  or  Ad-mda7  plus  MG132  (5  jnn).  The 
sulindac  concentrations  tested  were  the  same  as  those  in 
the  other  assays.  At  24  hours  after  the  start  of  treatment,  the 
cells  were  lysed  in  proteasome  buffer  [10  mmol/L  Tris-HCl 
(pH  7.5),  1  mmol/L  EDTA,  20%  glycerol,  5  mmol/L  ATP, 
and  4  mmol/L  DTT],  sonicated,  and  then  centrifuged  at 
1,300  X  g  at  4°C  for  10  minutes.  The  upper  supernatant 
phase  was  collected  and  the  protein  concentration  of  coll 
lysates  was  determined  as  previously  described  (5).  To 
assay  the  chymo trypsin-like  activity  of  the  proteasome, 
the  fluorogenic  substrate  sucdnyMeucyl-leucyl-vallne- 
ty  r osinc  -  7-am  ino-4-me  thy Icoum  a  ri  n  (Chemicon  Interna¬ 
tiona  1,  Inc,,  Temecula,  CA)  was  used.  Twcnty-microgram 
total  protein  from  each  treatment  group  described  above 
was  diluted  to  100  gL  in  reaction  buffer  [25  mmol/L  HEPES 
(pH  7.5),  0.5  mmol/L  EDTA,  0.05%  NP40,  and  0.001%  SDS]. 
Fluorogenic  substrate  was  added  to  each  sample  and 
incubated  at  37  *C  for  1  hour.  The  intensity  of  fluorescence 
in  each  sample  solution  was  measured  using  a  fluorescence 
plate  reader  (Dynatcch  Laboratories,  Chantily,  VA)  at 
360  nm  excitatory  and  460  nm  emission  wavelengths.  All 
readings  were  standardized  using  the  fluorescence  inten¬ 
sity  of  an  equal  volume  of  free  7-ammo-4-methykoumarin 
solution  (50  gm).  The  values  were  expressed  as  percentages 
for  control  greater  than  the  internal  positive  control 
percentages  provided  by  the  supplier. 

Real-time  Quantitative  Reverse  Transcription -PCR 

H1299  cells  seeded  in  six- well  plates  (5  x  10s/well)  were 
treated  with  Ad-m  da?  (3,000  vp/celt)  or  Ad-mda7  plus 
sulindac  (0,125,  0.25,  Or  0.5  mmol/L).  Untreated  cells 
served  as  controls  in  these  experiments.  At  48  hours  after 
the  start  of  treatment,  the  cells  were  washed  in  PBS, 
trypsinized,  and  resuspended  in  1,0  mL  PBS.  The  cell 
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suspension  was  transferred  into  1.5  mL  Eppendorf  tubes 
and  centrifuged  for  5  minutes  at  10,000  rpm  at  4°C.  The 
supernatant  was  discarded  and  total  RNA  from  the  cell 
pellet  was  extracted  using  an  RNA  isolation  kit  as 
described  by  the  manufacturer  (Ambion  Corp.,  Austin, 
TX).  The  isolated  RNA  was  then  treated  with  DNase  I  to 
remove  residual  DNA  and  subsequently  quantitated  using 
a  spectrophotometer  at  260  and  280  nm  wavelengths.  Total 
RNA  {0.1  jig)  from  each  sample  was  reverse  transcribed 
using  a  Superscript  reverse  transcriptase  kit  (Invitrogcn, 
Carlsbad,  CA),  Quantification  of  mda-7  mRNA  was  done 
using  real-time  quantitative  reverse  transcrip tion-PCR. 
Briefly,  quantitative  PCR  was  done  in  20  juL  volumes 
consisting  of  1  \ih  total  RNA,  10  j.lL  PCR  Supermix  (PE 
Applied  Biosystems,  Poster  City,  CA),  0,2  gm  mda- 
7-spedfic  primers,  and  0.1  fluorescent  probe,  The 
resulting  relative  increase  in  reporter  and  quencher 
fluorescent  dye  emission  was  monitored  in  real  time 
during  PCR  amplification  using  a  7,700  sequence  detector 
(PE  Applied  Biosys  terns).  The  two-step  PCR  cycling  was 
carried  out  as  follows:  2  minutes  at  50°C,  10  minutes  at 
95*C,  40  cycies  of  15  minutes  at  95°C,  and  1  minute  at 
60  *C  The  human  GAPDH  housekeeping  gene  was  used  as 
internal  control  in  the  amplification  reactions  and  the 
primers  provided  by  the  supplier  (PE  Applied  Biosystems), 

The  oligonucleotide  sequences  used  in  the  assays 
described  above  are  as  follows:  mda-7  5'  -primer,  CCC- 
GTAATAAGCTTGGTA CCG;  and  mda-7  $  -primer, 
TA AATTGGCGAA AGC AGCTC;  probe,  FAM- 
TGG  A  ATTCGG  CTT  A  C  A  AG  A  C  ATG  A  CTG  TG  -TAMRA . 

All  reactions  were  done  in  triplicate.  After  the  cycling 
reaction  was  complete,  a  standard  curve,  the  threshold 
cycling  (Ct)  value  of  each  sample,  and  its  corresponding 
starting  quantity  based  on  the  standard  curve  were 
determined  using  the  7,700  sequence  detector  system 
software  (PE  Applied  Biosystems).  The  differences  in 
mda-7  mRNA  expression  among  various  treatment  groups 
were  expressed  as  the  change  in  values  over  glyceralde- 
hyde-3-phosphate  dehydrogenase. 

Half-Life  Assay 

H1299  cells  were  seeded  at  a  density  of  2  x  IQ5  qeHs  in  a 
60'mm-diameter  tissue  culture  dish.  The  next  day,  the  cells 
were  infected  with  Ad-mda7  (3,000  vp/cell).  At  48  hours 
after  infection,  sulindac  (1  mmol/L)  was  either  added  or 
not  added  and  the  incubation  continued.  Two  hours  later, 
the  protein  synthesis  inhibitor  cydoheximide  (10  gg/mL) 
was  added  to  the  cells  and  the  incubation  continued.  Cells 
were  harvested  at  0,  3,  6,  9,  11,  and  13  hours  after 
cydoheximide  treatment;  cell  lysates  were  then  prepared 
and  analyzed  for  MDA-7  protein  expression  by  Western 
blot  analysis  as  previously  described  (5,  6), 

Western  Slot  Analysis 

Cells  treated  with  PBS,  Ad-mda?,  Ad-p53,  Ad-luc, 
sulindac,  sulindac  sulfone,  or  a  combination  of  Ad-luc, 
Ad-p53,  or  Ad-mda7  with  sulindac  or  sulindac  sulfone  was 
subjected  to  Western  blot  analyses  as  previously  described 
(5,  6).  The  following  primary  antibodies  were  used  for 
detection:  caspase-3  and  poly  (ADP-ribose)  polymerase 


(PARP,  BD  PharMingen,  San  Diego,  CA);  caspase-9,  pJNK, 
and  pp38  MARK  (Cell  Signaling  Technology,  Inc.,  Beverly, 
CA);  PKR,  Bax,  Bak,  Bcl-2,  BcI-Xl,  COX-2,  p53,  and 
ubiquitin  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA);  £- 
act  in  (Sigma);  and  MDA-7  (Intro  gen  Therapeutics).  The 
proteins  were  detected  using  appropriate  horseradish 
peroxidase -conjugated  secondary  antibodies,  and  visual¬ 
ized  on  enhanced  chemiluminescence  film  (Hyperfilm, 
Amersham,  Arlington  Heights,  IL)  by  application  of 
Amersham's  enhanced  d’temil umincscencc  Western  blot¬ 
ting  detection  system.  The  results  were  verified  by 
repeating  the  experiments  at  least  twice.  The  protein  band 
intensity  was  semiquantitativcly  determined  as  previously 
described  (5). 

in  vivo  Analysis 

To  determine  whether  sulindac  enhances  Ad- 
mda7-mediated  tumor  growth  Inhibition  of  xenograft 
tumors  in  vivo,  HI 29 9  lung  tumor  cells  (5  x  1  it)  were 
injected  s.c.  into  the  lower  right  flank  of  a  thymic  BALB/ C 
female  nude  mice  (rc  =  48).  When  the  tumor  reached  50  to 
100  mm3,  the  animals  were  divided  into  groups  and  treated 
as  follows:  PBS  (n  -  8),  sulindac  (ff  =  8),  Ad-luc  (w  =  8), 
Ad-mda7  (n  =  8),  Ad-luc  plus  sulindac  (n  =  8),  or  Ad-mda7 
plus  sulindac  (ji  =  8).  The  mice  were  treated  with  Ad-luc  or 
Ad-mda7  intrahimorally  (3  x  109  vp/dose)  thrice  a  week. 
In  mice  receiving  sulindac,  40  mg/kg  was  given  i.p.  daily. 
Animals  were  weighed  weekly  to  determine  the  body 
weight,  Tumor  growth  was  monitored  and  measured  thrice 
a  week  as  described  previously  (13,  21).  At  22  to  25  days 
after  initiation  of  the  treatment,  all  animals  were  killed  via 
CO2  inhalation,  and  the  tumors  were  removed  for 
histopathologic  examination  and  Western  blot  analysis. 
Experiments  were  done  twice  for  reproducibility  and  twice 
for  statistical  significance. 

Statistical  Analysis 

Student's  t  test  and  ANOVA  were  used  to  calculate  the 
statistical  significance  of  the  experimental  results.  A  value 
of  P  <  0.05  was  considered  statistically  significant. 

Results 

Sulindac  Enhances  Ad-mda  7- Mediated  Growth  Inhi¬ 
bition  in  Lung  Cancer  Cells 

Because  previous  studies  have  shown  that  sulindac 
exerts  cytotoxic  effects  on  cancer  cells  (33),  we  conducted 
preliminary  experiments  to  determine  the  minimum 
cytotoxic  dose  of  sulindac  against  non -small  cell  lung 
cancer  (A549  and  HI 299)  cells  and  normal  (CCD-16)  cells. 
Treatment  of  these  cells  with  sulindac  at  various  concern 
trations  (0.062,  0.12,  0.25,  0.5,  1,  and  2  mmol/L)  showed 
growth  inhibition,  with  an  lC$a  of  0.58  ±  0.01,  0.61  ±  0.07, 
and  0.94  ±  0.04  mmol/L  in  A549,  H1299,  and  CCD- 16  cells, 
respectively  (data  not  shown).  At  higher  doses  (1  and 
2  mmol/L),  cell  proliferation  was  inhibited  in  both  tumor 
and  normal  cells  resulting  in  apoptosis  (data  not  shown). 
However,  the  inhibitory  effect  on  tumor  cell  proliferation 
was  higher  (>90%)  than  in  normal  cells  (60%).  On  the  basis 
of  these  results,  we  tested  sulindac  at  concentrations  of 
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<0.5  mmol/L  in  subsequent  experiments.  To  investigate 
whether  sulindac  in  combination  with  Ad-mda7  can  Inhibit 
cell  proliferation  and  induce  apoptosis,  A549,  H1299,  and 
CCD-16  were  treated  with  PBS,  Ad-luc,  and  Ad-mda7, 
alone  and  in  combination  with  sulindac  (0-125,  0.25,  or  0.5 
mmol/L).  Analysis  of  cells  72  hours  after  treatment  showed 
that  the  combination  of  sulindac  and  Ad-mda7  significantly 
inhibited  tumor  cell  proliferation  compared  with  cells  that 
were  treated  with  Ad-mda7  or  sulindac  alone  (P  -  0,001; 
Fig,  1A).  The  growth  inhibitory  effects  produced  by  this 
combination  therapy  were  also  significant  compared  with 
the  other  treatment  groups  and  were  sulindac  dose 
dependent.  In  contrast,  no  significant  growth  inhibitory 
effects  were  observed  m  normal  fibroblast  cells  treated  with 
Ad -mda7  plus  sulindac  at  any  concentration  tested 
compared  with  the  other  treatment  groups.  These  results 
indicate  that  sulindac  enhances  Ad-mda7-mediated  inhib¬ 
itory  activity  in  tumor  cells  but  not  in  normal  cells. 

To  further  evaluate  whether  treatment  with  Ad-mda7 
plus  sulindac  induces  apoptosis,  tumor  and  normal  cells 
were  analyzed  72  hours  after  treatment  for  apoptotic 
changes  by  FACS  analysis.  The  number  of  cells  in  sub- 
G0-Gi  phase,  an  indicator  of  apoptotic  changes,  was 
significantly  higher  in  tumor  (H1299  and  A549)  cells 
treated  with  Ad-rnda?  alone  or  in  combination  with 
sulindac  than  in  normal  cells  subjected  to  these  treatments 
(P  =  0.001;  Fig,  IB).  However,  the  number  of  apoptotic  cells 
among  the  tumor  cells  treated  with  Ad-mda7  plus  sulindac 
was  significantly  greater  than  that  among  tumor  cells 
treated  with  Ad-mda7  alone  (P  <0,01)  and  was  sulindac 
dose-dependent  The  numbers  of  apoptotic  cells  among 
cells  treated  with  Ad-luc  alone  or  in  combination  with 
sulindac  were  not  significantly  higher  than  the  number  of 
apoptotic  cells  among  PBS- treated  cells.  However,  among 
A549  tumor  cells,  the  number  of  apoptotic  cells  was 
significantly  increased  (P  «  0,01)  at  the  highest  concentra¬ 
tion  of  sulindac  (0.5  mmol/L)  when  combined  with  Ad-luc 
treatment  compared  with  PBS- treated  cells.  Treatment  of 
CCD-16  cells  with  Ad-mda7  or  Ad-mda7  and  sulindac  even 
at  the  highest  sulindac  concentration  (0.5  mmol/L)  yielded 
no  significant  difference  in  the  number  of  apoptotic  cells 
compared  with  control  cells  (Fig.  IB).  Similar  enhanced 
growth  inhibitory  effects  were  also  observed  when  lung 
cancer  cells  were  treated  with  Ad-mda7  in  combination 
with  sulindac  sulfone  (data  not  shown).  These  results  show 
that  lung  tumor  but  not  normal  cells  undergo  apoptosis 
when  treated  with  Ad-mda7  and  sulindac  or  sulindac 
sulfone.  Furthermore,  the  growth  inhibitory  effects  medi¬ 
ated  by  Ad-mda7  and  sulindac  arc  independent  of  the  p53 
status  given  that  they  occurred  in  p53-null  1 11299  and  p53 
wild-type  A549  tumor  cell  lines.  However,  the  contribution 
of  other  genetic  factors  in  the  sensitization  of  these  two  cell 
lines  to  Ad-mda7  and  sulindac  is  not  known  now  and  is 
beyond  the  scope  of  the  present  study. 

Sulindac  Does  Mot  Increase  Adenoviral  Transduction 

The  ability  of  therapeutic  agents  to  enhance  adenovirus 
transduction  efficiency  has  previously  been  reported  (45). 
Based  on  this  report,  we  deter  milled  whether  sulindac 


enhances  adenoviral  transduction.  For  this  purpose,  tumor 
and  normal  cells  were  infected  with  Ad-GFP  at  100  vp/ 
cell  and  treated  with  sulindac  at  various  concentrations 
(Table  1),  Cells  were  transduced  with  Ad-GFP  at  low 
particle  numbers  because  >80%  of  cells  are  transduced  at 
a  higher  virus-particle  number,  making  it  difficult  to 
determine  the  effects  of  sulindac  on  transduction.  At 
24  hours  after  treatment,  the  cells  were  analyzed  by  flow 
cytometry,  No  significant  difference  in  the  transduction 
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Figure  1 .  Sulindac  enhances  Ad-mda7- mediated  growth  Inhibition  and 
apoptosis.  A,  tumor  {A  6  49  and  HI 290)  and  normal  fCCD*l6i  calls  wore 
treated  with  PBS,  Ad-luc,  or  Ad-inda7  for  3  h.  After  treatment,  colls  were 
incubated  with  sulindac  at  the  indicated  concent  rations,  After  72  h,  coll 
viability  was  determined  using  the  trypan  blue  exclusion  assay  method. 
Percentages  of  cell  growth  ware  calculated  as  the  average  of  cell  counts 
for  each  group  and  expressed  relative  to  the  each  sample  treated  with  PBS, 
Ad-luc,  or  Ad-mda7  alone  (set  to  100%K  Tumor  but  not  normal  cells 
treated  with  Ad-mda?  plus  sulindac  were  significantly  inhibited  compared 
with  PBS  and  Ad-luc  treatments  {P  =  0.001}.  The  inhibitory  effects 
mediated  by  sulindac  were  dose  dependent.  Bars,  St.  B,  analysis  of 
apoptotic  cells  by  FACS,  Tumor  cells  |A549  and  Hi  299)  and  normal  |CCO- 
16)  cells  wore  tree  ted  with  PBS,  Ad-luc,  or  Ad-mda7  in  the  presence  of 
various  doses  of  sulindac.  Cells  wore  her  vested  at  72  h  after  treatment, 
stained  with  propicflum  iodide,  and  subjected  to  FACS  analysis,  Tho 
percentages  of  apoptotic  cells  were  determined  by  quantifying  cells  In  tho 
sub-Gi  phase.  Columns,  mean  of  duplicate  samples;  bars,  S£H  Similar 
results  were  observed  in  at  least  two  Independent  experiments. 
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efficiency  was  observed  between  cells  treated  with  Ad- 
GFF  plus  sulindac  and  cells  treated  with  Ad-GFP  alone 
(Table  1),  However,  transduction  was  increased  in  A549 
cells  that  had  been  treated  with  0.5  irmnoI/L  sulindac 
compared  with  other  groups  treated  with  sulindac  at 
lower  concentrations  (P  -  0.001). 

Sulindac  Increases  Ectopic  MDA-7  Expression 

To  identify  the  mechanism  by  which  sulindac  enhances 
Ad-mda7-me dialed  growth  inhibition  and  apoptosis  in 
lung  cancer  cells,  we  first  examined  ectopic  MDA-7 
protein  expression  by  Western  blotting.  All  three  cell  lines 
(HI 299/  A549,  and  CCD-16)  were  treated  with  Ad-mda7 
and  sulindac  for  48  hours  and  analyzed  for  MDA-7 
expression.  In  Ad-mda7- treated  A549  and  H1299  cells, 
sulindac  markedly  increased  the  levels  of  ectopic  MDA-7 
in  a  dose -dependent  manner  (Fig.  2  A);  endogenous  MDA- 
7  expression  was  not  detected  in  cells  treated  with  either 
PBS  or  sulindac  alone.  MDA-7  protein  expression  was 
increased  2  to  4.5  times  in  the  tumor  cells  treated  with  Ab¬ 
ends?  plus  sulindac  compared  with  cells  treated  with  Ad- 
mda7  alone.  In  contrast,  in  normal  CCD-16  cells  treated 
with  Ad-mda7,  sulindac  only  slightly  increased  ectopic 
MDA-7  protein  expression.  Tire  level  of  MDA-7  protein 
increase  in  CCD-16  cells  after  Ad-mda7  plus  sulindac 
treatment  was  <2- fold  compared  with  cells  treated  with 
Ad-mda7  alone. 

To  evaluate  subcellular  localization  of  MDA-7  protein, 
immunofluorescence  studies  were  done,  Consistent  with 
our  Western  blot  data,  MDA-7  expression  was  significantly 
elevated  in  cells  treated  with  Ad-mda7  and  sulindac 
compared  with  cells  treated  with  Ad-mda7  alone  (Fig.  23). 
Furthermore,  die  subcellular  localization  of  MDA-7  was  not 
altered  by  sulindac  treatment  (Fig.  23).  MDA-7  expression 
was  not  detectable  in  cells  treated  with  PBS  or  sulindac 
alone.  Expression  was  also  not  detectable  when  cells  were 
stained  with  an  isotypic  FlTC-labeled  antibody,  indicating 
specificity*  These  results  show  that  sulindac  increases 
ectopic  MDA-7  expression  in  a  dose-dependent  manner 
and  suggest  that  this  increase  contributes  to  increased 
apoptotic  activity. 

To  test  whether  the  ability  to  increase  ectopic  protein 
expression  was  unique  to  sulindac,  experiments  were 
also  carried  out  using  sulindac  sulfone.  Treatment  of 
H1299  cells  with  Ad -m da 7  and  sulindac  sulfone  showed 
increased  ectopic  MDA-7  expression  compared  with  cells 
treated  with  Ad-mda7  alone  (Fig.  2C),  The  level  of 
induction,  however,  was  observed  to  be  3cs*s  than  that 
seen  with  sulindac,  MDA-7  expression  was  not  detected 
in  cells  that  were  treated  with  PBS  or  sulindac  sulfone* 
These  results  show  the  ability  of  sulindac  and  its 
metabolites  to  increase  ectopic  protein  expression.  We 
next  tested  whether  sulindac  specifically  increased  only 
MDA-7  protein  expression;  For  this  purpose,  H1299 
tumor  cells  were  treated  with  Ad-p53  (50  vp/cell)  Or 
Ad-p53  and  sulindac  and  analyzed  for  p53  protein 
expression  and  apoptotic  cells.  Note  that  cells  were 
treated  with  50  vp/cel!  as  the*se  cells  are  very  sensitive 
to  Ad-p53  at  higher  concentrations*  Sulindac  increased 


the  levels  of  ectopic  p53  protein  expression  in  tumor  cells 
treated  with  Ad-p53  that  resulted  in  increased  cell  killing 
{Fig.  2D)*  Sulindac  also  increased  ectopic  GFP  protein 
expression*  However,  increased  GFP  protein  expression 
did  not  result  in  cell  killing  (data  not  shown)*  These 
results  show  that  sulindac  enhanced  ectopic  expression  of 
a  wide- variety  of  transgenes  (MDA-7,  p53,  and  GFP)  and 
is  not  specific  to  Ad-mda7.  However,  the  enhanced 
killing  effect  is  only  observed  when  sulindac  is  combined 
with  Ad-mda7  or  Ad-p53. 

Sulindac  Enhances  Ad-mda7- Mediated  Apoptotic 
Signaling 

We  previously  reported  that  induction  of  Ad- 
mda7-mediated  apoptosis  in  lung  cancer  ceils  was 
associated  with  activation  of  the  caspase  cascade, 
including  cleavage  of  caspase-9,  caspase-3,  and  PAR? 
(5,  6).  To  determine  whether  treatment  with  Ad-mda7  and 
sulindac  affects  the  caspase  cascade,  we  analyzed  tumor 
and  normal  cells  for  these  molecular  markers.  Tumor 
(A549  and  HI 299)  cells  treated  with  Ad-mda7  alone  or  in 
combination  with  sulindac  showed  cleavage  of  capase-9, 
caspase-3,  and  PARP,  which  are  indicators  of  activation  of 
the  caspase  cascade  (Fig.  3A),  The  expression  of  cleaved 
caspase-9,  caspase-3,  and  PARP  corresponded  to  both  the 
concentration  of  sulindac  and  the  level  of  MDA-7 
expression.  Activation  of  caspnsc-9,  caspase-3,  and  PARP 
was  also  observed  in  A549  (but  not  H1299)  cells  that  had 
been  treated  with  Ad-luc  plus  the  highest  concentration 
of  sulindac  (0*5  mmol/L.)  and  was  consistent  with  the 
increased  apoptotic  fraction  revealed  in  these  cells  by 
FACS  analysts  (Fig.  IB).  However,  the  level  of  activation 
was  significantly  lower  than  that  in  A549  ceils  treated 
with  Ad-mda7  plus  sulindac.  The  caspase  cascade  was 
not  activated  in  either  A549  or  H1299  ceils  that  were 
untreated  or  treated  with  sulindac  alone.  In  CCD-16  cells, 
the  caspase  cascade  was  not  activated  in  cells  that  were 
treated  with  Ad-mda7  alone  or  in  combination  with 
sulindac  compared  with  cells  that  were  untreated  or 
treated  with  sulindac  alone,  Ad-luc  alone,  or  a  combination 
of  Ad-luc  plus  sulindac  (Fig.  3B)*  These  results  show  that 
sulindac  selectively  enhances  caspase  cascade  activation 
in  tumor  but  not  normal  cells.  We  next  examined 
additional  effector  molecuh?s  upstream  of  the  caspase 
cascade  that  are  modulated  by  Ad-mda7  and  sulindac 
treatments*  Previous  studies  have  shown  PKR,  p38MAPK, 
and  pJNK  to  be  important  in  Ad-mda7-induced  apoptosis 
in  lung  cancer  cells  (14,  15,  18).  Similarly,  regulation  of 
the  Bd-2  family  (Bax,  Bak,  Bcl-2,  and  Rc1-Xl)  proteins 
has  been  shown  to  be  critical  for  sulindac-induced 
apoptosis  and  independent  of  p53  status  (46,  47).  On 
the  basis  of  these  reports,  we  evaluated  the  expression 
of  PKR,  pJNK,  pp38MAPK,  and  several  BcI-2  family 
members  in  A549  and  HI  299  cells  after  treatment  with 
Ad-mda7  and  sulindac.  Expression  of  PKR,  pJNK,  and 
pp38MAFK  was  increased  in  cells  treated  with  Ad- 
mda7  atone  or  in  combination  with  sulindac  compared 
with  untreated,  sulindac- treated,  and  Ad-Iuc-treated  cells 
(Fig.  3Q*  PKR  was  also  slightly  increased  in  cells 
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Figure  2.  Sulindac  increases  MDA-7  protein  expression.  A,  tumor  (A549  end  HI  299  j  and  normal  {CCD-1 6)  ceils  wars  treated  with  PBS  or  Ad-mda7, 
tallowed  by  treatment  with  sulindac  at  the  indicated  concentrations.  At  48  h  after  infection,  the  cells  were  harvested  and  immune) blotted  for  MDA-7. 
Increased  MDA-7  protein  expression  was  observed  in  cells  that  were  treated  with  Ad-mda7  and  sulindac  compared  with  cells  that  were  treated  with  Ad- 
mda?.  MDA-7  expression  was  not  observed  Eft  untreated  or  sullndac-treated  cells*  The  difference  in  the  level  of  MDA-7  protein  expression  was 
semlq  us  ntif  lively  determined  by  densitometry  and  expressed  as  a  ratio*  p-setin  was  used  as  a  protein  loading  control.  B,  HI  299  ceils  were  treated  with 
PBS  (ah  sulindac  {b)f  Ad-mda  7  \c],  or  with  a  combination  of  Ad-mda/  plus  sulindac  [d).  At  48  h  after  treatments  cells  ware  subjected  to 
immunofluorescence  staining  for  MDA-7  protein  as  described  in  Materials  and  Methods.  Cytoplasmic  MDA-7  expression  was  observed  in  cells  treated  with 
Ad  mda7  or  Ad-mda  7  plus  sulindac,  However,  MDA-7  protein  expression  was  significantly  increased  In  cells  treated  with  Ad-mda7  plus  sulindac  compared 
with  Ad-mda 7-troatcd  colls.  MDA-7  protein  expression  was  not  detected  in  cells  treated  with  PBS  or  suilndac.  Original  magnification.  x4Q0*  C,  A549  end 
Hi  299  cells  were  treated  with  PBS  or  Ad-mda7  in  the  presence  or  absence  of  sulindac  sulfono  and  analyzed  for  MDA-7  expression.  Increased  MDA-7 
expression  was  observed  In  cells  treated  with  Ad-mda  /  and  sulindac  sultan e  compared  with  colls  that  were  treated  with  Ad-mda  7,  MDA-7  expression  was 
not  observed  in  PBS  or  sulindac  aulfone  - treated  cells.  The  difference  in  the  level  of  MDA-7  protein  expression  was  samiquantitativeiy  determined  by 
densitometry  and  expressed  as  a  ratio,  p  ectin  was  used  as  a  protein  feeding  control.  D,  Hi  299  cells  were  treated  with  tew  dose  of  Ad-p53  (50  vp/collj  or 
Ad-p53  and  sulindac.  and  analyzed  for  pBS  protein  expression  and  a  pop  to  tic  cells  as  described  in  Materials  and  Methods*  Increased  p63  protein  was 
observed  In  Ad-p63-  and  sulindac-treated  cella  ihat  correlated  with  increased  apoptoilo  cells  compared  with  cells  that  were  not  treated  or  treated  with  Ad- 
p&3*  Bars,  SE. 
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Figure  3.  Sulindac  Increases  Ad -md a 7 -mo dialed  apoptotic  signaling.  Tumor  A549  and  Ell 299  cells  (A)  and  normal  (CCD-16)  coils  {6}  ware  either 
untreated  or  treated  with  Ad-luc  or  Ad-mda7r  alone  or  In  comb  in  alien  with  sulindac,  at  the  indicated  concentrations.  At  72  h  alter  treatment,  cells  were 
harvested  end  lysed,  and  activation  of  caspase-S  and  caspase-3  and  cleavage  of  PARP  was  determined  by  Western  blot  analysis.  Tho  difference  in  the  tevol 
of  protein  expression  was  serniquantitetively  determined  by  densitometry  and  expressed  as  a  ratio,  fi-actm  was  used  as  a  protein  loading  control.  C,  A549 
and  H129A  ceils  were  treated  as  described  above  for  46  h  end  analyzed  by  Western  blot  analysis  for  various  molecular  effectors  of  apoptosis.  The 
difference  in  the  level  of  protein  expression  was  semlquamiiatlvely  determined  as  described  above.  D,  analysis  for  COX-2  expression  in  A549  and  hi  299 
cells  treated  with  Ad-md&7  or  Ad-nnrfa7  and  sulindac.  COX-2  expression  was  increased  in  Ad-mda7  and  Ad-mde7  plus  sulindac -treated  cells  compared 
with  cells  that  were  treated  with  PBS  or  sulindac,  However,  no  significant  change  in  COX-2  expression  was  observed  in  Ad-mda7-treatsd  cells  compared 
with  Ad-mda7-  and  sullndac-treuted  celts.  Changes  In  protein  levels  were  dotormined  somiquantitativety  as  described  above,  p-aetin  served  as  internal 
loading  control. 


treated  with  Ad-luc  plus  sulindac  compared  with 
untreated,  Ad-luc-tieated,  and  sulindac- treated  cells. 
However,  the  PKR  levels  in  the  cells  treated  with  Ad- 
luc  plus  sulindac  were  lower  than  those  observed  in  cells 
treated  with  Ad-mda7  plus  sulindac.  The  increase  in 
PKR,  pJNK,  and  pp38MAPK  was  associated  with  the 


expression  levels  of  MDA-7  induced  by  sulindac.  No 
change  in  the  expression  levels  of  Bax,  an  inducer  of 
apoptosis,  was  detected  in  any  of  the  treatment  groups 
(Pig.  3C),  The  expression  level  of  Bcl-2  or  BcI-Xl,  two 
inhibitors  of  apoptosis,  was  also  not  significantly  changed 
in  any  of  the  treatment  groups  (data  not  shown).  These 
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Table  2.  Call  cycle  distribution  In  lung  cancer  cells  treated  with  sulindac,  Ad-tnda  7,  or  both 


Treatment  A549  (%)  H1299  (%) 


Gi  S  GrM  Gi  S  G*-M 


Untreated  control  medium 

68.6 

± 

0.7 

26.4 

± 

0.21 

6.9 

± 

0,14 

58*8 

± 

0.98 

28.5 

± 

0.41 

12.8 

± 

0.49 

Control  +  sulindac  0*125  mmol/L 

64.8 

± 

0*14 

28.9 

± 

0,35 

6.4 

± 

056 

66*4 

± 

0.42 

22.3 

± 

0*28 

UA 

± 

0-63 

Control  +  sulindac  0.5  mmol/L 

75.6 

± 

0.14 

18.5 

± 

0*14 

6.0 

± 

0,07 

74*6 

± 

1.7 

13.0 

± 

1*34 

12*7 

± 

0*42 

Ad-mda7 

41.3 

± 

0.63 

31.6 

± 

0*63 

27.2 

± 

0,07 

44,2 

± 

0.98 

135 

± 

0*7 

42.5 

± 

0.77 

Ad-mda7  +  sulindac  0.125  mmol/L 

35*6 

± 

0.14 

31,8 

± 

0,7 

32,7 

i 

0,36 

46.9 

± 

1*2 

14,0 

± 

0,28 

39.2 

± 

0,91 

Ad~mda7  +  sulindac  0.5  mmol/L 

43.4 

± 

0.21 

42,6 

± 

0,07 

12,3 

i 

24 

49.2 

± 

0.7 

18,4 

± 

0,6 

32.4 

± 

6.9 

Adduc 

73*8 

± 

1.5 

17.1 

± 

1,9 

7.1 

± 

0*63 

78.3 

± 

3*5 

9,8 

± 

1.4 

11*9 

± 

056 

Ad-luc  +  sulindac  0,5  mmol/L 

70*0 

± 

8.1 

185 

± 

6,3 

115 

± 

1*6 

70.4 

± 

15 

9,7 

± 

0,30 

20 

± 

0.14 

NOTE:  Cells  were  Seated  with  PBS,  Ad-luc,  or  Ad-mda7  alone,  or  in  combination  with  0.5  mmol/L  suEindac  ior  72  hours  followed  by  FACS  analysis. 
ITie  percentage  of  cells  in  each  cell  cycle  phase  was  determined  by  analysis  of  the  DMA  content  histogram.  Values  me  the  means  of  duplicate  samples  ±  SD. 
Similar  results  were  observed  in  at  least  two  independent  experiments. 


results  support  the  idea  that  the  induction  of  apoptosis 
by  Ad-mda7  plus  sulindac  primarily  depends  on 
the  ability  of  sulindac  to  enhance  ectopic  MDA-7 
expression* 

The  possibility  that  enhanced  tumor  cell  killing  with  Ad- 
mda7  plus  sulindac  treatment  was  due  to  COX-2  inhibition 
was  next  investigated  in  A549  and  HI 299  cells.  Increased 
COX-2  expression  was  observed  in  cells  treated  with  Ad- 
mda7  and  Ad-mda7  plus  sulindac  (Fig.  3D),  However,  there 
was  no  significant  difference  in  COX-2  expression  levels 
between  the  two  treatment  groups.  COX-2  expression  was 
not  observed  in  cells  that  were  treated  with  PUS  or  sulindac* 

Effects  of  Sulindac  and  Ad-mda7  Treatment  on  Cell 
Cycle 

Previous  studies  have  shown  that  sulindac  induces  cell 
cycle  arrest  at  (48),  and  that  Ad-mda7  induces  cell  cycle 
arrest  at  Gz-M  (5-7).  On  the  basis  of  these  reports,  we 
investigated  by  FACS  analysis  the  combined  effects  of 
sulindac  and  Ad-mda7  treatment  on  cell  cycle  regulation. 
Tumor  cells  were  either  untreated  or  treated  with  sulindac, 
Ad-luc,  Ad-mda7,  or  Ad-mda7  plus  sulindac  for  72  hours. 
As  previously  reported,  Ad-mda7  but  not  Ad-luc 
treatment  increased  the  number  among  the  G2-M  phase 
of  cell  cycle  in  both  A549  (27.2%)  and  H1299  (42.5%)  cells 
(Table  2).  Sulindac  treatment  alone  increased  the  number  of 
cells  in  the  GT  phase,  In  both  tumor  cell  lines,  the  number  of 
Gi -phase  cells  was  markedly  increased  at  0.5  mmol/L 
compared  with  0.125  mmol/L  sulindac  (75,6%  versus  64.8% 
in  A549  and  74,6%  versus  66.4%  in  1 11299  cells,  respectively)* 
Treatment  with  sulindac  and  Ad-mda7  abrogated  Ad-mda7- 
Lnduced  G^-M  arrest.  The  effect  was  more  pronounced 
among  cells  treated  with  0.5  mmol/L  sulindac  in  combina¬ 
tion  of  Ad-mda7,  resulting  in  a  decrease  in  the  number  of  Gz- 
M-pliase  cells,  from  27.2%  to  12,3%  in  A549  and  from  42.5% 
to  32*4%  in  H1299  cells,  respectively*  Abrogation  of  Ad- 
mda7-induced  G2-M-phase  arrest  by  sulindac  was  also 
observed  at  48  hours  after  treatment  (data  not  shown).  These 
results  show  that  sulindac  and  Ad-mda7  affect  different 
phas  es  of  the  cel  1  cycle  a  nd  that  sullndac-enha  nee  d  A  d-mda-7 
tumor  cell  killing  does  not  occur  via  increased  Gz-M  arrest. 


Because  the  killing  effect  and  regulation  of  proap  aptotic 
molecules  in  Ad-mda7-  and  sulindac-treated  1 11299  and 
A549  tumor  cells  were  similar,  we  narrowed  our  focus  in 
studying  the  underlying  mechanism  in  only  one  cell  line. 
Subsequent  studies  were  carried  out  In  ITI299  cells  as 
described  below, 

Sulindac  Delays  Ectopic  MDA-7  Protein  Degradation 

To  assess  the  mechanism  by  which  sulindac  increases 
ectopic  MDA-7  protein,  we  examined  the  effect  of 
sulindac  on  transcriptional  activity  and  MDA-7  protein 
degradation  in  H1299  cells*  To  determine  the  effect  of 
sulindac  on  the  transcriptional  activity  of  Ad-mda7,  we 
did  quantitative  real-time  PCR  analysis  of  RNA  samples 
extracted  from  cells  that  were  untreated  or  that  were 
treated  with  Ad-mda7  alone  or  with  sulindac  at  various 
concentrations.  No  significant  difference  in  mRNA  levels 
was  observed  in  the  cells  treated  with  Ad-mda7  plus 
sulindac  compared  with  untreated  and  Ad -mda7- treated 
cells  (Fig.  4A).  To  evaluate  whether  sulindac  treatment 
regulates  MDA-7  protein  degradation,  H1299  cells  were 
treated  with  Ad-mda7  alone  or  in  combination  with 
sulindac  for  various  durations,  and  the  half-life  of  MDA-7 
protein  was  determined*  The  MDA-7  protein  levels  in  the 
Ad-mda7-treated  control  cells  decreased  over  time  (Fig.  4B); 
protein  degradation  was  complete  at  11  hours*  Tn  contrast, 
the  degradation  of  MDA-7  protein  in  the  cells  treated  with 
Ad-mda7  phis  sulindac  was  delayed  as  shown  by 
substantial  levels  of  detectable  protein  at  13  hours. 
Semiquantitative  analysis  of  die  protein  levels  indicated 
that  at  0  to  13  hours,  the  MDA-7  protein  level  was  8  to 
15  times  higher  in  the  cells  treated  with  Ad-mda7  plus 
sulindac  than  in  the  Ad-mda7-treated  cells  (Fig.  4C)*  These 
results  show  that  the  increase  in  ectopic  MDA-7  protein 
expression  in  cells  treated  with  Ad-mda7  plus  sulindac  is  a 
result  of  a  sulindac-mediated  delay  of  MDA-7  protein 
degradation. 

Sulindac-Enhanced  IWDA-7  Expression  Is  Not  Due  to 
Inhibition  of  Proteasome  Activity 

Given  that  recent  studies  have  shown  that  some 
NSAlDs  inhibit  proteasome  activity  (44,  49),  we  sought 
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to  determine  whether  the  enhanced  MDA-7  protein 
expression  mediated  by  sulindac  is  due  to  its  ability  to 
inhibit  proteasome  activity.  For  this  purpose,  the  effects  of 
sulindac  were  compared  with  those  of  MG132,  a  known 
proteasome  inhibitor  (50)  by  Western  blotting,  ubiquitin 
degradation  assay,  and  proteasome  enzymatic  activity 
assay.  Western  blotting  showed  that  sulindac  or  MG132 
treatment  for  12  hours  in  combination  with  Ad-mda7 
enhanced  MDA-7  protein  expression  compared  with  cells 
treated  with  Ad-mda7  alone  (Fig,  5A).  However,  sulindac 
enhanced  total  MDA-7  protein  levels,  which  included  both 
nascent  unglycosylated  protein  and  MDA-7  proteins  that 
were  glycosylated  at  different  levels,  as  indicated  by 
multiple  bands.  In  contrast,  MG132  enhanced  the  level  of 
nascent  MDA-7  protein,  albeit  less  strongly  than  did 
sulindac,  and  one  glycosylated  form  of  MDA-7  protein, 
Similar  results  were  obtained  at  6  and  24  hours  after 
treatment  (data  not  shown).  Thus,  the  mechanisms  by 
which  sulindac  and  MG132  enhance  MDA-7  protein  seem 
to  differ. 

We  next  determined  the  ability  of  sulindac  to  inhibit 
proteasome  activity.  Western  blot  analysis  for  Lotal  ubiq- 
u  kina  ted  proteins,  an  indicator  of  inhibition  of  the  protea¬ 
some  pathway,  showed  ubiquitinated  proteins  in  MG  132- 
treated  ceils  butnotinsulindac-treated  cells  (Fig.  5B).  These 
results  show  that  sulindac,  unlike  MG132,  does  not  inhibit 
proteasome  activity  or  the  proteasome  pathway.  Consistent 
with  these  findings  arc  the  results  of  the  proteasome 
activity  assay  in  which  treatment  with  Ad-mda7  alone  or 
with  sulindac  did  not  inhibit  the  proteasome  activity 
compared  with  untreated  control  cells  (Fig.  5C).  In  contrast, 
treatment  with  Ad-mda7  phis  MG132  resulted  in  signifi¬ 
cant  inhibition  of  proteasome  activity  (P  -  0,01),  These 
results  suggest  that  sulindac-enhanced  MDA-7  protein 
expression  is  not  due  to  inhibition  of  proteasome  activity, 

Sulindac  Enhances  Ad-mda7-Mediated  Lung  Tumor 
Growth  Suppression  In  vivo 

To  determine  whether  Ad-mda7  plus  sulindac  treatment 
enhances  tumor  growth  suppression,  pilot  in  vivo  experi¬ 
ments  were  conducted  using  a  lung  tumor  xenograft 
model.  Compared  with  mice  treated  with  FBS,  sulindac, 
Ad-luc,  Ad-mda7,  or  Ad-luc  plus  sulindac,  mice  treated 
with  Ad-mda7  plus  sulindac  showed  a  significant  growth 
suppression  (F  =  <  3.GD1;  Fig.  6 A),  A  significant  tumor 
inhibition  was  also  observed  in  mice  that  were  treated  with 
Ad-mda7  alone  or  Ad-luc  plus  sulindac  compared  with 
PBS-  and  Ad-luc-treated  mice  fP  =  0.03),  No  significant 
growth  inhibition  was  observed  in  sulindac- treated  mice 
compared  with  PBS-trcatcd  mice.  Furthermore,  Ireatment- 
r elated  tox icily  as  evidenced  by  morbidity,  loss  of  body 
weight,  and  death  was  not  observed  in  mice  treated  with 
Ad-mda7  plus  sulindac,  suggesting  that  the  treatments 
were  well  tolerated  (data  not  shown)* 

Analysis  of  s*c*  tumors  24  hours  after  the  last  treatment 
with  sulmdac  revealed  that  MDA-7  protein  levels  were 
3  to  12  times  higher  in  the  tumors  from  mice  treated  with 
Ad-mda7  plus  sulindac  than  in  the  tumors  from  the  mice 
treated  with  Ad-mda7  (Fig.  6B).  Some  faint  protein  bands 


B  Time  (h) 

H  sulindac  MDA-7 

jl-a&ifn 

(+)  sulindac  MDA-7 
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Figure  4.  Sulindac  delays  MDA-7  protein  degradation.  A,  HI  290  cells 
were  treated  with  PSS  [control)  t  Ad-mda7  alone,  or  Ad-mda7  In 
combination  with  sulindac  at  the  indicated  concentrations  for  43  h.  HNA 
extraction  and  quantitative  real-time  PCR  were  done  as  described  in 
Materials  and  Methods,  The  results  were  expressed  as  a  ratio  of  mda*7 
mRNA/glycerafdehyde-3-phosphatc  dehydrogenase.  No  substantial  differ¬ 
ence  in  the  mda-7  mRNA  levels  was  observed  between  the  cells  treated 
with  Ad-mda7  plus  sulindac  and  the  cells  treated  with  Ad-mda7  alone.  B, 
m  299  ceils  ware  treated  with  Ad-mda7  for  48  h.  AUer  a  2-h  incubation  in 
medium  without  sulindac  or  with  1  mmol/L  sulindac  l  +  L  cells  ware 
incubated  for  the  indicated  periods  with  10  pg/mL  cydoheximide,  a  Known 
protein  synthesis  Inhibitor*  Cell  lysates  were  prepared  at  the  indicated  time 
points  and  analyzed  by  Western  blot  analysis  for  MDA-7  protein  leva  la* 
Treatment  with  sulindac  delayed  the  degradation  of  MDA-7  protein*  p-eclin 
was  used  as  an  internal  loading  control.  C,  MDA-7  protein  expression  levels 
between  H 1 239  cells  not  treated  with  sulindac  and  sulindac-lreated  H 1 299 
cells  woro  Gsmiqusntitatively  determined  using  I  mage  Quant  software 
(Molecular  Dynamlcs/Amersham  Pharmacia  Biotech,  Fisc  at  a  way,  NJJ. 
Columns ,  moan  of  two  independent  ox por im ants;  bars,  SE. 
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FitjUfO  5.  Sulindac  docs  not  inhibit  protea  some  activity.  A.  HI  299  colts 
were  treated  with  Athmdo7  for  43  h,  followed  by  treatment  oithar  with 
sulindac  at  the  indicated  concentrations  or  with  5  pmol/L  MG  132  for  1 2  h. 
Western  blot  analysis  of  whole  ceil  lysates  was  done  for  MDA-7*  Protein 
expression  level  a  were  aemiquwuitetively  determined  by  densitomciry  and 
expressed  as  a  ratio.  (Vocffct  was  used  as  an  internal  loading  control*  B, 
HI 299  cells  were  incubated  either  with  sulindac  at  the  indicated 
concentrations  or  with  5  jmiol/L  MG1 32  for  24  h.  Untreated  cells  served 
as  a  control.  Whole  cell  lysates  ware  analyzed  for  ublqultinated  proteins  by 
Western  blot  analysis*  Ubiquilinsted  protein  was  detected  in  MG132- 
treated  cells  but  not  in  sulindac-treated  ceils.  Total  protein  levels  were 
a smfcfUMttj lively  determined  as  described  above.  C,  HI 299  cells  were 
grown  in  medium  (control}.  In  Ad-mda7  in  combination  with  sulindac  at  the 
indicated  concentrations  for  48  h,  or  in  5  pm  MG  132  for  24  h.  Protessome 
activity  was  analysed  as  described  in  Materials  and  Methods.  Columns, 
mean  of  triplicate  samples;  bars,  SE.  MG132,  but  notsulindaor  inhibited 
protoasoma  activity  in  Ad-mda7-treaied  ceils. 


fold  increase  10  1C  2  3  S  I  6.4  25.2  35.5  31.5 


Figure  6.  Sulindac  enhances  Ad-mda7-mediated  tumor  growth  Inhlbh 
lion  in  v/w>*  A,  s.c.  HI 299  tumor-bearing  nude  mica  ware  divided  into 
groups  In  “  3/group).  Animals  treated  with  Ad-mda7  plus  sulindac 
showed  significant  tumor  growth  inhibition  compered  with  animals  treated 
with  PBS.  sulindac.  Ad-luc,  Ad-mda7,  or  Ad-luc  plus  sulindac.  Act-mda?  or 
Ad-luc  [3  x  108  vpj  was  administered  by  Lt.  injection  thrice  a  week  and 
sulindac  (40  mg/kg  I  by  i.p.  injection  daily.  Points,  mean  tumor  volume  for 
each  group  per  time  point;  bars^  SE.  B,  MDA-7  expression  in  s.c.  tumor 
tissues  receiving  various  treatments  as  described  above*  MDA-V  expres¬ 
sion  was  increased  Jn  tumors  from  mice  treated  with  Ad-nida7  and 
sulindac  compared  with  tumors  from  mice  treated  with  Ad  mda?  alone. 
MO  A- 7  ptotein  expression  levels  were  semlquantitatively  determined  by 
densitometry  and  expressed  as  a  ratio,  p-actin  was  used  as  a  protein 
loading  control. 


were  also  observed  in  the  tumors  of  mice  treated  with 
PBS,  sulindac,  and  Ad-luc  plus  sulindac.  However,  we 
believe  that  these  bands  were  nonspecific  or  cross- 
reacting  with  mouse  tissue  proteins  because  the 
corresponding  assay  using  anti-MDA-7  antibody  revealed 
no  endogenous  MDA-7  protein  in  the  parental  HI 29 9 
tumors  and  murine  normal  cells  (data  not  shown).  These 
results  show  that  treatment  of  lung  tumors  with  Ad- 
mda7  plus  sulindac  enhances  growth  suppression  in 
parallel  to  enhanced  MDA-7  protein  expression,  a  finding 
consistent  with  our  in  vitro  results. 

Discussion 

We  found  that  treatment  of  human  non— small  cell  lung 
cancer  cells  with  Ad-mda7  in  combination  with  sulindac 
results  in  significant  growth  suppression  and  apoptosis 
both  in  vitro  and  in  vivo.  Furthermore,  the  inhibitory 
effects  are  selective  for  tumor  but  not  normal  cells.  The 
ability  to  inhibit  growth  of  both  HI 299  (p53-null)  and 
Af>49  (p53  wild  type)  cells  suggests  that  this  treatment 
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combination  strategy  is  applicable  for  human  cancers  that 
are  defective  in  p53,  which  account  for  >50%  of  human 
cancers  (51).  However,  the  efficacy  of  treatment  with  Ad- 
mda7  plus  sulindac  on  tumor  cells  that  have  defects  in 
other  genes  or  pathways  is  not  known  and  needs  to  be 
tested*  Our  results  also  reveal  a  mechanism  by  which 
sulindac  enhances  Ad-mda7-mediated  tumor  killing.  Pre¬ 
liminary  experiments  showed  that  sulindac,  in  a  dose- 
dependent  manner,  increased  the  expression  of  ectopic 
MDA-7  protein  in  Ad-mda7-heated  cells,  suggesting  that 
the  enhanced  killing  was  due  to  increased  MDA-7  protein 
expression.  However,  the  mechanism  by  which  sulindac 
increased  ectopic  protein  expression  is  not  known. 
Previous  studies  from  several  laboratories  have  shown 
the  ability  of  various  drugs  to  enhance  adenoviral 
transduction  efficiency  (45).  Such  findings  suggested  that 
the  increased  MDA-7  protein  expression  observed  in  cells 
treated  with  Ad-mda7  plus  sulindac  was  due  to  increased 
Ad-mda7  transduction  that  was  mediated  by  sulindac. 
However,  sulindac,  unlike  the  various  other  drugs,  did 
not  enhance  adenovirus  transduction  efficiency,  Sulindac 
also  increased  ectopic  p53  protein  expression  in  cells  drat 
were  treated  with  Ad-p53  plus  sulindac  that  resulted  in 
enhanced  cell  killing.  These  results  suggest  that  the  ability 
of  sulindac  to  increase  ectopic  protein  expression  is  not 
restricted  to  MDA-7  alone  but  is  applicable  to  other 
adenovirai-cncodcd  proteins.  Similarly,  the  ability  to 
increase  MDA-7  protein  was  not  unique  to  sulindac  as 
increased  protein  expression  was  also  observed  in 
sulindac  su I fone- treated  cells.  Although  sulindac  also 
increased  MDA-7  protein  expression  in  normal  cells,  the 
expression  levels  were  significantly  lower  than  those  in 
the  tumor  cells;  the  reason  for  this  difference  in  normal 
cells  is  unclear  and  should  be  investigated.  We  also 
assessed,  after  treatment,  the  molecular  effectors  that  are 
known  to  mediate  tumor  cell  inhibition  and  apoptosis. 
We  and  others  have  previously  shown  that  Ad-mda7 
treatment  of  lung  cancer  cells  results  in  a  G^-M-phaso 
arrest  and  induces  apoptosis  via  activation  of  the 
caspase  cascade  and  PKR  (5-7,  14).  Furthermore,  Ad- 
mda7-mediated  apoptosis  in  Lung  cancer  cells  is  inde¬ 
pendent  of  Bax,  Bak,  and  Bd-2  (5,  6).  A  requirement  for 
Bax  in  Ad-mda7-mediated  killing,  however,  has  been 
shown  in  mesothelioma  cells  (9),  Sulindac,  unlike  mda-7, 
induces  G^-phasc  arrest,  up -regulates  Bax  and  Bak 
expression,  and  inhibits  COX-2  expression  (46),  More 
recently,  Bax  was  shown  to  be  necessary  for  sulindac- 
induced  apoptosis  in  Bax-deficient  colorectal  cancer  cells 
(52),  Another  study  showed  sequential  decrease  in  Bd-2 
expression  and  increased  apoptosis  in  an  intestinal 
tumor  model  after  treatment  with  sulindac  (47).  hi  the 
present  study,  sulindac  abrogated  Ad-mda7-mcdiated 
G^-M-phase  arrest  and  this  abrogation  was  more 
pronounced  in  A549  than,  in  H1299  cells.  Additionally, 
increased  expression  of  PKR,  pJNK,  and  p38MAPK  {but 
not  Bak  and  Bax)  that  correlated  with  MDA-7  expression 
was  observed  in  cells  treated  with  Ad-mda7  plus 
sulindac*  Associated  with  increased  expression  of  PKR, 


pJNK,  and  p3BMAPK  were  the  increase  in  caspase-9  and 
caspase-3  expression  and  activation.  Previous  studies  in 
colon  cancer  cells  have  shown  regulation  of  Bak,  Bax, 
Bd-2,  and  COX-2  by  sulindac  (46-52).  Interestingly,  in 
lung  cancer  cells,  we  did  not  find  arty  significant  change 
in  the  expression  levels  of  these  effector  molecules  by 
sulindac  or  Ad-mda7  or  the  combination.  The  increased 
levels  of  effector  molecules  that  are  regulated  by  Ad- 
mda7  (PKJR,  p38MAPK,  and  pJNK)  but  not  by  sulindac 
suggests  that  the  increased  tumor  cell  killing  is  merely 
due  to  a  sulindac-mediated  increase  in  ectopic  MDA-7 
protein  expression*  Additional  evidence  for  Bus  claim 
comes  from  our  study  where  cells  treated  with 
increasing  the  dose  of  Ad-mda7  viral  particles  such  that 
the  endogenous  MDA-7  protein  levels  equaled  to  the 
levels  achieved  with  Ad-mda7  and  sulindac  resulted  in 
similar  level  of  tumor  cell  killing,6  However,  additional 
molecules /pathways  (cyclic  guano  sine  3'  ,5'  -monophos¬ 
phate-phosphodiesterase,  protein  kinase  G,  and  p-catenin) 
that  have  previously  been  reported  to  be  affected  by 
sulindac  and  its  metabolites  were  not  examined  in  the 
present  study.  It  is  possible  that  sulindac,  when  used  at 
high  concentrations  that  induce  apoptosis,  regulates  the 
expression  of  some  of  these  molecules.  However,  in  the 
present  study,  we  used  sulindac  at  concentrations  below 
its  ICso  value  that  does  not  induce  apoptosis*  In  support 
of  these  observations  are  the  findings  that  treatment  of 
HI 299  cells  with  Ad-p53  plus  sulindac  resulted  in 
increased  ectopic  p53  expression  and  enhanced  cell 
death*  Because  the  effect  of  Ad-mda7  and  sulindac  on 
HI 299  and  A549  tumor  cells  were  the  same,  we 
narrowed  our  focus  on  studying  the  underlying  mecha¬ 
nism  for  enhanced  killing  using  only  H1299  cells  as 
described  below.  We  next  investigated  the  mechanism  by 
which  sulindac  increased  MDA-7  protein  expression.  As 
described  above,  the  possibility  that  sulindac  increases 
transduction  efficiency  was  ruled  Out  by  the  results  of 
flow  cytometry  assays  using  GFF  reporter*  Alternative 
explanations  for  increased  MDA-7  protein  levels  included 
increased  transcriptional  activity,  increased  protein  half- 
life,  arid  increased  antiproteasome  activity.  That  sulindac 
did  not  affect  transcriptional  activity  was  shown  by  real¬ 
time  quantitative  reverse  transcrip tion-PCR*  The  major 
determinant  for  protein  hali-life  is  the  presence  of 
degradation  signals  contained  in  the  protein.  Degradation 
of  most  cellular  proteins  is  rapidly  done  by  the 
proteasome/ubiqulti nation  system,  both  to  eliminate 
misfolded  or  denatured  polypeptides  and  to  regulate 
the  concentration  of  components  critical  for  control  of  cell 
cycle  and  metabolism  (53-55).  Furthermore,  recent 
studies  have  shown  that  NSAlDs  can  inhibit  protea  some 
activity  (44),  On  the  basis  of  these  studies,  we  examined 
the  effect  of  sulindac  on  protein  half-life  and  protea  some 
activity.  Sulindac  increased  the  half-Kfe  of  ectopic  MDA-7 


6  Unpublished  daia. 
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protein,  as  well  as  the  half-life  of  endogenous  proteins, 
such  as  p53  (data  not  shown).  The  ability  of  sulindac  to 
increase  protein  half-life  is  an  unexpected  and  novel 
finding.  Although  the  half-life  of  MDA-7  protein  was 
increased/  it  is  si  ill  possible  that  increased  MDA-7  protein 
levels  is  partly  due  to  an  effect  Of  sulindac  on  the 
proteasome/ubiquitin  pathway.  To  test  this  possibility, 
we  compared  sulindac  with  the  proteasome  inhibitor 
MG 132  (50).  Sulindac,  unlike  MG132,  did  not  inhibit  the 
proteasome  pathway  directly  or  indirectly.  Lack  of  direct 
inhibitory  activity  of  sulindac  on  proteasomes  was  shown 
by  the  proteasome  activity  assay;  or  the  other  hand,  lack 
of  indirect  inhibitory  activity  was  shown  by  the  absence 
of  total  ubiquitmated  proteins  in  sulindac-treated  cells. 
The  discrepancy  between  our  results  from  those  pre¬ 
viously  reported  is  not  clear  (43,  44).  One  possibility  is 
that  the  concentration  of  sulindac  used  in  the  present 
study  was  much  lower  than  that  used  in  the  studies 
previously  reported.  Alternatively,  the  inhibition  of 
proteasome  activity  by  sulindac  may  be  tumor-type 
dependent.  We  are  currently  investigating  these  possibil¬ 
ities  in  the  laboratory. 

The  ability  of  suited ac  and  its  metabolites  to  increase 
the  half-life  of  therapeutic  proteins,  such  as  MDA-7  or 
p53,  has  immediate  clinical  implications  in  that  repeated 
vector  injections  may  be  minimized  but  still  achieve  the 
same  therapeutic  effect.  Phase  I  clinical  trials  have  been 
completed  for  Ad-mda7  and  for  sulindac  and  its 
metabolites;  these  studies  have  indicated  that  these 
agents  have  no  significant  toxic  effects  and  are  well 
tolerated  when  used  alone  (23,  24,  56),  However, 
combination  therapy  using  Ad-mda7  plus  sulindac  and 
its  metabolites  has  not  yet  been  tested;  our  animal  study 
did  not  show  any  enhanced  toxicity  due  to  the  combination 
of  Ad-mda7  plus  sulindac  compared  with  individual 
treatments.  Therefore,  additional  preclinical  studies  evalu¬ 
ating  the  therapeutic  effect  of  Ad-mda7  and  sulindac  or  its 
metabolites  on  tumor  cells  are  warranted  before  testing  of 
tins  therapy  in  humans. 

Finally,  our  animal  experiments,  which  were  to  test 
whether  sulindac  enhances  Ad-mda7-mediated  tumor  cell 
killing  in  vivo ,  revealed  significant  tumor  growth  inhibi¬ 
tion  in  the  mice  treated  with  Ad-mda7  plus  sulindac 
compared  with  the  control  treatment  groups.  These 
inhibitory  effects  were  due  to  increased  MDA-7  protein 
expression  in  the  tumors  consistent  with  our  irc  vitro 
results.  Although  we  have  shown  proof-of- -principle 
using  s.c.  tumor  xenografts,  additional  studies  evaluating 
the  therapeutic  effects  on  a  spectrum  of  human  xenograft 
tumors  are  warranted.  Furthermore,  the  effect  of  Ad- 
mda7  and  sulindac  combination  therapy  on  disseminated 
lung  cancer  has  not  been  tested  and,  compared  with 
localised  disease,  is  more  relevant  to  cancer  therapy  in 
clinical  settings.  We  are  currently  conducting  these 
experiments  in  our  laboratory.  In  conclusion,  we  have 
shown,  for  the  first  time,  that  sulindac  enhances  Ad- 
mda7-mediated  tumor  growth  inhibition  and  apoptosis  in 
non-small  cell  lung  cancer  both  in  vitro  and  in  vivo , 


Furthermore,  we  have  identified  a  novel  mechanism  of 
action  of  sulindac.  Our  results  form  a  basis  for  additional 
preclinical  studies  using  Ad-mda7  and  sulindac  for 
treatment  of  human  lung  cancer. 
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ABSTRACT 

Purpose;  This  study  was  conducted  to  develop  biologi¬ 
cally  relevant  animal  models  of  human  lung  cancer  that  arc 
reproducible,  inexpensive,  and  easy  to  perform* 

Experimental  Design;  Human  lung  adenocarcinoma 
(PC14PE6),  bronchioloalveolar  carcinoma  (NCI-H358), 
squamous  cell  carcinoma  (NCI-11226),  poorly  differentiated 
non-small  cell  lung  cancer  (NCI-111299  and  A549),  or  small 
cell  lung  cancer  (NCI-H69)  cells  in  Ma trigel  were  injected 
percLifancously  into  the  left  lungs  of  nude  mice*  The  growth 
pattern  of  the  different  lung  cancer  tumors  was  studied*  For 
PC14PK6  and  NCI-11358,  the  growth  pattern  in  the  sub  cutis 
and  the  response  to  pachtaxel  were  also  studied* 

Results;  As  is  observed  for  human  primary  lung  cancer, 
tumors  formed  from  a  single  focus  of  disease  and  progressed 
to  a  widespread  and  fatal  thoracic  process  characterized  by 
diffuse  dissemination  of  lung  cancer  in  both  lungs  and  me¬ 
tastasis  to  Infra-  and  extrathoracic  lymph  nodes*  When  the 
lung  cancer  cell  lines  were  implanted  s*e*,  systemic  therapy 
with  paclitaxel  induced  tumor  regression.  However,  only  a 
limited  therapeutic  response  to  paclitaxel  was  observed 
when  the  same  cells  were  implanted  orthotopic  ally  into  the 
lung*  Immune  his  tochemtcal  analysis  of  tumor  tissue  re¬ 
vealed  increased  expression  of  the  proa ngio genic  factors 
interleukin  B,  basic  fibroblast  growth  factor,  and  vascular 
endothelial  growth  factor/vaseular  permeability  factor* 

Conclusions;  Our  ortho  topic  models  of  human  lung 
cancer  confirm  the  **seed  and  soil1*  concept  and  likely  pro- 
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vide  more  clinically  relevant  systems  for  the  study  of  both 
non-small  cell  lung  cancer  and  small  cell  lung  cancer  biol¬ 
ogy,  and  for  characterizing  novel  therapeutic  strategics. 

INTRODUCTION 

Lung  cancer  is  a  major  health  problem  worldwide,  and  the 
leading  cause  of  cancer  related  death  for  both  men  and  women 
in  the  United  Stales  with  an  annual  mortality  rate  that  exceeds 
breast,  prostate,  and  colorectal  cancers  combined  (1).  In  most 
cases,  lung  cancer  patients  am  diagnosed  with  advanced  inop¬ 
erable  disease,  and  the  only  therapeutic  option  is  systemic 
chemotherapy*  Unfortunately,  recent  studies  have  concluded 
that  conventional  therapies  may  have  reached  a  ceiling  of  clin¬ 
ical  impact  as  evidenced  by  the  5-year  survival  for  NSCLC1  and 
SCLC,  which  remains  at  14%  and  5%,  respectively  (2).  Clearly, 
a  new  approach  to  the  therapy  of  lung  cancer-  is  mandatory. 
Because  organ  microenvironment  influences  the  phono Lypc  of 
tumor  cells,  as  originally  enunciated  by  Pagets’  "seed  and  soil" 
theory  (3)  and  confirmed  by  others  (4-6),  the  identification  of 
novel  therapeutics  depends  on  the  availability  of  biologically 
relevant  in  vivo  models  (7). 

NSCLC  represents  80%  of  all  lung  cancer  cases,  and  most 
research  focuses  on  this  subtype,  including  the  development  of 
several  orthotopic  models  of  human  NSCLC  in  rodents.  These 
models  include  implantation  of  human  cancerous  tissue  ob¬ 
tained  surgically  (8)  and  the  injection  of  tumor  cells  into  the 
rodent  airways  (9-11),  pleural  cavity  (12*  13),  or  lung  paren¬ 
chyma  after  skin  incision  (14)  or  tlioracotomy  (15-17).  In  con¬ 
trast,  only  two  reports  describe  the  use  of  orthotopic  models  to 
study  SCIA  which  comprises  20%  of  all  lung  cancer'  cases  (5, 
12).  Despite  their  availability,  orthotopic  models  of  human  lung 
cancel-  arc  not  widely  used,  and  most  of  the  research  and 
development  of  novel  therapeutics  for  lung  cancer  still  iclics 
upon  s,c,  tumor  models,  which  arc  potentially  less  clinically 
relevant, 

In  this  article,  we  describe  the  development  of  orthotopic 
models  for  different  primary  human  lung  cancer's  in  alhymre 
nude  mice.  We  have  developed  models  of  each  of  the  most 
common  lung  cancer  histological  lypes  including  adenocarci¬ 
noma,  squamous  cell,  bronchioloalveolar,  and  small  cell.  For 
each  tumor  type,  lesions  develop  after  direct  injection  of  a  tumor 
cell  suspension  into  the  thorax  of  the  mouse,  making  it  a 
reproducible  technique  to  study  either  NSCLC  or  SCLC  human 
tumors.  The  present  model  recapitulates  the  local  and  regional 
growth  pattern  seen  in  lung  cancer  patients,  i,e„  from  a  solitary 


4  The  abbreviations  used  are:  NSCLC,  non-small  cell  lung  cancer; 
SCLC,  small  cell  lung  cancer;  i.t.,  inlrathoracic;  FBS,  fetal  bovine 
scrum;  GFP,  green  fluorescent  protein;  IHC,  imimmohistodicmistty; 
bFGF,  baste  fibroblast  growth  factor;  VRGF,  vascular  endothelial 
growth  factor;  1L,  interleukin;  VPF*  vascular  permeability  factor. 
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nodule  to  a  diffuse  thoracic  disease  involving  both  lungs  and  the 
lymph  nodes.  Furthermore,  in  contrast  to  tumors  glowing  s.c., 
imnoFs  in  the  lung  are  less  susceptible  to  treatment  with  paeli- 
taxcl,  suggesting  that  orthotopic  models  are  more  relevant  to 
evaluate  chemoiherapeutics  and  other  therapies  for  human  lung 
cancer. 

MATERIALS  AND  METHODS 

Cell  Lines  and  Tissue  Culture  Conditions,  Six  human 
lung  cancer  cell  lines  were  studied.  NCI-H358  {bronchioloal¬ 
veolar  carcinoma),  NCI-111299  and  A549  (poorly  differentiated 
NSCLC),  and  NCI-H69  (SCLC)  were  obtained  from  the  Amer¬ 
ican  Type  Culture  Collection  (Manassas,  VA).  PC14PE6  was 
selected  from  human  adenocarcinoma  cell  line  PC L 4  to  produce 
pleural  effusion  when  injected  into  mice  (18,  19),  NCI-H226 
(lung  squamous  cell  carcinoma)  was  the  gift  of  Dr,  John  D* 
Minna,  University  of  Texas  Southwestern  Medical  Center  (Dal¬ 
las,  TX;  Ref.  20),  B16BL6  melanoma  cells  (2 1-23)  were  ini¬ 
tially  used  to  determine  the  feasibility  of  the  orthotopic  injection 
procedure.  Floating  aggregates  of  NCI-1369,  floating  and  adher¬ 
ent  monolayer  cultures  of  PC14PE6,  and  adherent  monolayer 
cultures  of  other  cell  tines  were  incubated  at  37°C  in  5% 
CO^-95%  air.  NCI-H358  was  cultured  in  RPM1  1640  supple¬ 
mented  with  10%  FES,  L-glutamine,  and  penicillin-streptomy¬ 
cin,  NCI-H69  cells  were  cultured  in  Dulbecco's  modified  MEM 
supplemented  with  10%  FCS  and  penicillin-streptomycin*  All  of 
the  other  cell  lines  were  cultured  in  Eagle’s  MEM  supplemented 
with  10%  FBS,  sodium  pyruvate,  nonessential  amino  acids, 
L-glut amine,  2-fold  vitamin  solution,  and  penicillin-streptomy¬ 
cin  mixture  (CMEM;  Flow  Laboratories,  Rockville,  MD),  All  of 
die  tumor  cell  cultures  were  free  of  Mycoplasma,  and  the  fol¬ 
lowing  pathogenic  murine  viruses:  retrovirus  type  3,  pneu¬ 
monia  vims,  K  virus,  Theiler’s  encephalitis  virus,  Sendai  virus, 
minute  virus,  mouse  adenovirus,  mouse  hepatitis  virus,  lympho¬ 
cytic  choriomeningitis  virus,  ectromelia  virus,  and  laefate 
dehydrogenase  virus  (assayed  by  Microbiological  Associates, 
Bethesda,  MD), 

Animals  and  Animal  Cam  Male  athymic  nude  inice 
(NCr-nu)  and  C57BL/6  mice  were  purchased  from  the  Animal 
Production  Area  of  the  National  Cancer  Institutc-Frederick  Can¬ 
cer  Research  and  Development  Center  (Frederick,  MD),  The 
mice  were  housed  and  maintained  in  specific  pathogen- free 
conditions  in  facilities  approved  by  the  American  Association 
for  Accreditation  of  Lab  oratory  Animal  Care,  and  jn  accordance 
with  current  regulations  and  standards  of  the  United  States 
Department  of  Agriculture,  United  Slates  Department  of  Health 
and  Human  Services,  and  the  NHL  The  mice  were  used  in 
accordance  with  institutional  guidelines  when  they  were  6-10 
weeks  old. 

Matrigel  and  Preparation  of  Cell  Suspension  for  It* 
Injection*  Matrigel  is  a  basement  membrane  matrix  prepara¬ 
tion  extracted  from  Engelbreth-Holm-Swarm  mouse  sarcoma 
{Becton  Dickinson  &  Co.,  San  Jose,  CA;  Refs.  14, 16,  17),  For 
all  of  the  experiments  a  stock  solution  of  500  pg  MatrigeL  in  l 
ml  PBS  using  a  dilution  factor  of  approximately  X30  according 
to  compound  concentration  was  used.  Cell  suspensions  for  tho¬ 
racic  injections  were  prepared  of  equal  volumes  of  cells  in  PBS 
and  Matrigcl  stock,  giving  final  dilution  factor  of  approximately 


X60,  Matrigcl  was  thawed  on  ice  to  avoid  gel  formation,  which 
can  rapidly  occur  at  room  temperature  or  above.  In  accordance 
with  the  manufacturer's  instructions,  all  of  the  cell  line  suspen¬ 
sions,  syringes,  and  needles  were  kept  on  ice  before  injections. 
To  prepare  suspensions  of  tumor  cells  in  Matrigcl,  adherent 
tumor  celts  were  harvested  from  subcon  fluent  cultures  by  a  brief 
exposure  lo  0.25%  trypsin  and  0.02%  EDTA,  Trypsin  izalion 
was  stopped  with  medium  containing  10%  serum,  and  the  cells 
were  washed  once  in  serum-free  medium  and  resuspended  in 
PBS.  Floating  cells  were  collected  after  centrifugation.  Trypan 
blue  staining  was  used  lo  assess  cell  viability,  and  only  single- 
cell  suspensions  of  >90%  viability  were  used  for  the  injections. 
Both  Matrigel  matrix  and  growth  factor-reduced  Matrigcl 
matrix  were  used, 

id.  Injection*  Mice  anesthetized  with  sodium  pentobar¬ 
bital  (50  mg/kg  body  weight)  were  placed  in  the  right  lateral 
decubitus  position*  One-ml  tuberculin  syringes  (Bccton  Dickin¬ 
son)  with  30-gauge  hypodermic  needles  were  used  to  inject  the 
cell  inoculum  percu raucously  into  the  left  lateral  thorax,  at  the 
lateral  dorsal  axillary'  line,  ~1*5  cm  above  the  lower  rib  line  just 
below  the  inferior  border  of  the  scapula.  The  needle  was  quickly 
advanced  5-7  mm  into  the  thorax  and  was  quickly  removed 
after  the  Injection  of  cell  suspension.  After  tumor  injection,  the 
mouse  was  turned  to  the  left  lateral  decubitus  position.  Animals 
were  observed  for  45-60  min  until  fully  recovered. 

s  *c  *  Flank  In  j  ectio  u.  For  s.c.  flank  inject!  ons ,  unancsthc- 
tized  mice  underwent  s*c.  injection  of  cells  suspended  in  a 
volume  of  100  pi  HBSS  (Sigma  Chemicals  Co.,  St*  Louis,  MO) 
directly  into  the  flank  using  1-ml  tuberculin  syringes  {Becton 
Dickinson)  with  30-gauge  hypodermic  needles*  For  chemother¬ 
apy  experiments,  mice  were  injected  with  tumor  cells  in  150  pil 
PBS  with  Matrigel.  The  cell  suspension  was  prepared  as  de¬ 
scribed  above  for  i.t.  injection.  Mice  were  then  examined  daily 
for  evidence  of  tumor  development. 

In  Vivo  Selection  of  Cell  Lines  for  Increased  Tumori- 
genicity.  Using  the  i.L  injection  technique  described  above, 
NCI-11226  cells  were  injected  into  the  lungs  of  nude  mice*  The 
mice  were  killed  when  moribund,  and  the  largest  thoracic  tu¬ 
mors  were  harvested  by  aseptic  techniques,  dissociated  mechan¬ 
ically  using  pipetting,  and  placed  into  culture  for  three  to  five 
passages  (24),  The  cells  were  then  reinjected  into  the  lungs  of 
nude  mice* 

In  Vitro  Selection  for  Increased  Tuinorigcnteity: 
Growth  in  Semisolid  Agarose,  NCI-H69  in  vitro  selection 
for  increased  invasive  properties  in  vivo  was  accomplished 
using  agarose,  as  described  previously  (25, 26)*  Briefly,  agarose 
(Stgma  Chemical  Co,)  was  dissolved  in  distilled  water  and 
autoclaved.  Base  layers  of  Eagle’s  MEM  with  hyp  lose  phos¬ 
phate  breth,  10%  FBS,  and  0*6%  agarose  were  set  in  six- well 
plastic  dishes*  Over  this  bottom  layer,  a  second  layer  of  medium 
containing  agarose  and  a  suspension  of  1  X  lQe  single  tumor 
cells  was  laid*  The  concentration  of  agarose  in  the  top  layer  was 
0.9%,  After  the  top  layer  gel  led,  1-2  ml  of  CMEM  medium  with 
10%  FBS  was  added.  Colonies  formed  from  single  cells  were 
harvested  and  expanded  by  growfh  as  monolayer  cultures  for 
in  v/vo  injection, 

GFF  Transfection  Protocol,  For  GFF  transfection,  cul¬ 
tures  of  PC14PE6  and  NCI-11358  at  70%  conflucncy  were 
transfected  with  PEGFFC1  plasmid  (Clontech  Laboratories  Inc.* 
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Fig,  i  A,  to  demonstrate  fluid 
spreading  after  injection  into 
the  thorax,  a  2  7.5 -gauge  needle 
was  inserted  into  the  Loft  lung 
of  a  midc  mouse  (Faxitron  X- 
ray  image).  J?T  the  image  was 
taken  immediately  after  an  in¬ 
jection  of  75  pj  of  iohexol  (oiti- 
nipaque),  an  iodmated  contrast 
agent.  The  fluid  blunted  the  tip 
of  the  needle  in  the  lung  paren¬ 
chyma  and  accumulated  in  the 
pleura  according  to  gravity 
forces  (twrow).  C*  the  solitary 
nodules  surrounded  by  a  nor¬ 
mal  lung  developed  several 
days  after  injection  of  tumor 
cells  with  Matrigel,  which  an¬ 
chored  them  and  prevented  cell 
suspension  spread.  PCL4PE6 
(aden  a  care  too  m  a)  tumor,  9 
days  after  tumor  implantation, 
D,  diffuse  thoracic  disease  in¬ 
volving  tilt  injected  site,  the 
contralateral  Lung,  and  lymph 
nodes.  Note  the  heart  (arrow¬ 
head)  and  the  small  portion  of 
Ihe  lung  (arrow),  E ,  IHC  stain¬ 
ing  revealed  that  lung  cancer  in 
this  system  expressed  bFGF 
from  an  early  stage  of  disease. 
Ft  to  study  the  sequence  of  me¬ 
tastasis  wo  transfected  two  cell 
lines  with  GFP«  The  lesion  is  a 
microscopic  left  long  tumor  on 
day  4  after  injection  of 
PCl4PEd  cells  with  MairigcL 
At  this  time,  we  found  metasta¬ 
sis  in  the  regional  lymph  nodes 
and  the  right  lung. 


Palo  Alto,  CA)  using  FuGene  VI  transfection  reagents  (Roche 
Molecular  Biochcmicals,  Indianapolis*  IN)  according  to  the 
manufacturer's  protocol,  After  48  h*  the  cells  were  harvested  by 
a  0.25%  trypsin-0. 02%  EDTA  solution  and  placed  at  a  ratio  of 
1:15  into  selective  medium  containing  800  pg/ml  G418  (Life 
Technologies*  Inc.,  Gaithersburg*  MD)  and  plated.  Neomycin- 
resistant  clones  were  isolated  with  cloning  cylinders  by  trypsin- 
EDTA.  For  in  viva  studies,  clones  with  high-intensity  GFP 
fluorescence  and  stability  wore  pooled.  PC14PE6  colls  (0.5  X 
1 Q6}  or  NGI-H358  cells  (1  X  106)  in  Matrigel  were  Injected  into 


the  lungs  of  10  mice.  The  mice  (2/graup)  were  killed  at  sequen¬ 
tial  time  points  thereafter. 

Chemotherapy  Studies,  Therapeutic  effects  of  pacli- 
faxel  were  determined  using  NCLH358  tumors  implanted  i.t, 
(I  X  106  cells  in  75  jjlI)  or  s.c.  (2,5  X  10fi  cells  in  150  pd),  or 
for  PC14PE6  i.t,  tumors  (0.5  X  1  (f  cells  In  75  pd)  or  s.c.  (1.5  X 
tO*  cells  in  150  pJ).  All  of  the  cell  suspensions  were  prepared 
in  Matrigel,  Four  experiments  were  carried  out  with  NCI-H358 
i.t  tumors:  one  with  s.c,  tumors,  one  witli  PC14FE6  i.t*  and  two 
s,c.  In  all  of  the  experiments*  mice  were  random ized  on  day  7 
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Table  I  Production  of  thoracis  lino  ora 

Titration  of  human  NSCLC  and  5CLC  cell  lines  was  conducted  to  determine  the  best  number  of  coils  needed  to  repeatedly  produce  orlhoiopic 
thoracic  tumors  in  nude  mica  Cells  were  injected  in  Matrigel  into  the  left  lung,  as  described  in  Ihe  text*  Tumors  metastasized  to  thoracic  lymph  nodes 
and  the  contralateral  lung,  _ _ _ _ _ _ _ 


Cell  line 

Histology 

Cell 

number 

Tumor 

development 

Survival 

(days) 

Ri.  lung  metastascs/ 
Lymph  node 
luetastnscs 

PCI4PE6 

Adenocarcinoma" 

0.5  X  106 

10/10 

26-30 

4/4 

1  x  106 

10/10 

18-23 

+/+ 

a  x  ios 

10/10 

14— IS 

4/4 

NC1-H358 

Bronchioloalveolar  carcinoma 

0.5  X  1  oc 

S/10 

70-80 

4/4 

1  X  10s 

9/10 

56-63 

4/4 

2  X  I06 

10/10 

42-49 

4/4 

NCI-11226 

Squamous 

1.5  X  10° 11 

10/10 

63-70 

4/4 

JX  104 

6/10 

3*5—4  mo 

4/4 

NCLH1299 

Poorly  d iff  NSCLC 

1  X  10s 

IQ/IO 

32-40 

4/4 

A  549 

Poorly  diir  NSCLC 

1  X  106 

10/10 

50-60 

4/4 

NCI-1169 

SCLC 

I.S  X  506c 

9/10 

50-56 

4/4 

2  X  !06 

1/20 

up  to  4  mo 

“/- 

"  PC14PE6  tumors  were  associated  with  pleura  I  effiision.  The  amount  of  effusion  collected  was  inversely  related  to  number  of  cells  injected  as 
described  in  “Rosulb  " 

*  NCLH226  cells  were  selected  three  cycles  In  vivo  in  the  lung  to  improve  tumor  uptake  and  shorten  survival  time, 
c  NCI-1169  cells  were  selected  on  agarose  for  a  more  tumorigenic  clone. 


after  tumor  implantation  to  a  control  ami  (i.p,  200  p.1  PBS/s  ingle 
dose/week)  or  a  treatment  arm  [i.p*  200  pi  paclitaxel,  dosages 
ranged  from  100  -200  p,g  (4-8  mg/kg)/$mgle  dosc/week],  For 
each  of  the  cell  lines,  the  experiment  was  terminated  when  i.t, 
control  mice  became  moribund*  Thus,  all  of  the  i,t  and  s.c.  mice 
for  a  particular  cell  line  had  the  same  number  of  chemotherapy 
cycles  and,  simultaneously,  they  were  killed,  autopsied,  and 
tumor  tissues  were  harvested, 

Necropsy,  Tissue  Preparation,  and  ItiC  Staining* 
Mice  were  killed  with  a  lethal  dose  of  sodium  pentobarbital 
(100  mg/kg  body  weight).  Subsequent  to  a  laparotomy,  the 
thoracic  cavity  was  inspected  through  the  diaphragm  for 
evidence  of  pleura  l  effusion.  Any  pleural  effusion  was  collected, 
and  the  thoracic  organs  were  then  removed  enblock,  including 
all  of  the  lymph  nodes  and  tumors.  After  dissection  and  removal 
of  the  heart,  the  lung  and  tumor  mass  were  washed  in  cold 
PBS  and  weighed*  Other  visceral  organs  were  removed  and 
inspected  for  presence  of  metastascs.  Sub  cutis  tumors  were 
removed,  washed  in  PBS,  and  weighed.  For  IHC  and  H&E 
staining  procedures,  one  pari  of  the  tumor  was  fixed  in  formalin 
and  embedded  in  paraffin,  and  another  part  was  embedded  in 
OCT  compound  (Miles,  Inc*,  Elkhart,  IN),  rapidly  frozen  in 
liquid  niaogen,  and  stored  in  -80°C,  BIG  detenu i nation  of 
bFGF,  VEGF/VPF,  and  1L-8  were  performed  as  described  pre¬ 
viously  (27)* 

Microscopy  and  Imaging.  For  studies  of  tumor  cells 
transfected  with  GFP,  a  Leica  (model  MZ  FLIIQ  fluorescence 
dissecting  slereomieruscope  was  used  to  visualize  fluorescent 
metastascs.  The  microscope  was  equipped  with  a  100-W,  mer¬ 
cury  vapor  lamp  power  source  and  fitted  with  a  GFP  filter  set. 
Images  were  processed  using  Image  Pro  Plus  (version  4.0; 
Media  Cybernetics,  L.P.,  Silver  Spring,  MD)  and  Adobe  Pho¬ 
toshop  (version  5.5;  Adobe  Systems  Inc*,  San  Jose,  CA)*  Dig¬ 
italized  imaging  was  performed  using  Fax  i  Iron  specimen  radi¬ 
ography  system  model  MX-20  (Faxitron  X-Ray  Coip,, 
Wheeling,  IL).  Energy  was  set  to  26  kV,  time  to  10  s* 


RESULTS 

Formation  of  Lung  Tumors.  In  the  initial  set  of  exper¬ 
iment^  we  determined  the  volume  of  tumor  cell  inoculum 
necessary  to  produce  lung  lesions  without  leading  to  immediate 
toxicity.  For  this  purpose  we  used  the  highly  metastatic  BI6BL6 
melanoma  cells,  which  were  implanted  into  the  lungs  of  synge¬ 
neic  C57BL/6  mice.  Wo  selected  the  injection  volume  of  75  p.1 
Matrigci  containing  suspended  tumor  cells.  The  necessity  of 
Matrigel  as  an  anchor  to  tumor  cells,  to  avoid  diffuse  spread  in 
the  thorax  is  demonstrated  in  Fig.  I,  A  and  B.  Injection  of  tumor 
cells  in  saline  resulted  in  spread  according  to  gravity  forces, 
whereas  injection  of  tumor  cells  with  Mali  [gel  formed  a  solitary 
lesion  as  an  initial  focus  of  disease,  Four  NSCLC  cell  lines 
(PC14PE6,  NCLH1299,  NCI-11358,  and  A549)  suspended  in 
Matrigel  were  injected  into  the  left  Lung  and  produced  solitary 
lesions  that  progressed  to  diffuse  thoracic  disease, 

The  characteristics  of  tumor  development  and  metastasis 
for  the  various  human  lung  cancer  coll  lines  are  summarized  in 
Table  1 .  The  adenocarcinoma  (PCI4PE6)  was  the  most  rapidly 
growing  tumor.  Typically,  9  days  after  injection,  solitary  lesions 
could  be  detected  in  sections  of  lung  (Fig.  1C).  Diffuse  thoracic 
growth  (Fig*  1Z>)  lead  to  death  by  2.S-4.5  weeks  after  injection, 
depending  on  the  number  of  cells  injected*  At  the  time  of  death, 
lymph  node  metastasis  (bilateral  axilla  and  neck)  was  evident* 
An  inverse  ratio  was  found  between  the  number  of  tumor  cells 
injected  and  production  of  pleural  effusion.  The  injection  of 
0.5  X  10C  cells  yielded  8  lung  nodules  sized  1—2  nun  with  0.8 
ml  bloody  pleural  effusion.  The  injection  of  1  X  10*  cells 
produced  larger  tumors  that  occupied  80%  of  the  thorax  with  0.2 
ml  bloody  pleural  effusion,  and  the  injection  of  2  X  10*  cells 
produced  rapid  death  from  extensive  tumor  with  no  pleural 
effusion.  In  all  of  the  cases,  the  formation  of  pleural  effusion 
was  associated  with  pleural  seeding  by  tumor  cells,  NCI- 
1112999  (poorly  differentiated  NSCLC)  also  produced  rapidly 
gi  owing  lumors,  and  the  mice  died  with  diffuse  disease  5  weeks 
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Table  2  Pactitaxcl  therapy  of  bronchioloalveolar  (NCI-H35S)  and  adenocarcinoma  (PC14PE6)  i.t,  and  s.c.  tumors 


Cells  were  implanted  orthotcpicaHy  in  the  lungs  or  sub  cut  is  as  described  in  the  text.  In  alE  experiments,  paelhaxd  thempy  began  on  day  7  after 
tumor  implantation.  For  each  of  the  cell  lines,  (he  experiment  was  terminated  when  i,t,  conlrol  mice  became  moribund.  More  pronounced  effect  was 
noticed  in  the  subcutis  tumor  in  comparison  to  the  thoracic  tumors,  suggesting  that  paclitaxcl  had  limited  effect  on  the  thoracic  tumors  in  this  system. 


BroncliiuaLveolar  thoracic  tumors 
Study  1 
Study  2 
Study  3 
Study  Ab 

B  ranch  ioftlveol&r  aubcutis  tumors 
Study  V 

Adenocarcinoma  thoracic  tumors 
Study  l 

Adenocarcinoma  subcutis  tumors 
Study  V 
Study  TM 


Control 

Paclitaxel 

Lung  and  tumor  weight  (g) 

Lung  and  tumor  weight  (g) 

Incidence0 

Median 

Rouge 

Incidence 

Median 

Range 

10/10 

0.307 

0.21 9-0.5 1 5 

10/10 

0,266 

0.192-0,342 

9/9 

0.319 

0,2564.240 

10/10 

0,271 

0.229-0.305 

m 

0.345 

0.266-1,313 

m 

0.215 

0.171-0,338 

9/9 

0.340 

0.190-0.399 

m 

0.248 

0*180-0,329 

5/5 

0.412 

0.225-0.662 

5/5 

0.085 

0.025-0,220 

5/5 

0.320 

0,298-0.350 

5/5 

0.231 

0.192-0,300 

5/5 

0.550 

0,380-0.850 

5/5 

0.098 

0.015-0,320 

5/5 

1.728 

0,950-1,950 

5/5 

0.542 

Q.  132-1 .700 

"Number  of  positive  mice/number  of  mice  survived  the  experiment. 

*  PaditsxeJ  dosage  was  200  pg/muuse/week  in  all  experiments  except  study  4  ofNCM'1358  thoracic  tumors  in  which  it  was  1 00  p,g/mouse  week, 
c  Tumor  weight  only  reported, 

rfin  the  PC14PE6  subcutis  experiments,  1*5  X  10*  cells  were  injected  in  the  first  study  and  2  X  IOfi  cells  in  the  second  study. 


after  injection.  NCI-K358  (bronchioloalveolar  carcinoma}  cells 
produced  tumors  with  an  intermediate  growth  rate  as  compared 
with  the  other  cell  lines  that  were  studied,  Solilaty  nodules  were 
found  2  weeks  after  injection  of  1  X  10*  cells*  and  mice  died  of 
progressive  disease  8 “9  weeks  later,  A 549  (poorly  differenti¬ 
ated  NSCLC)  cells  formed  slow-growing  tumors  leading  to 
cachexia  characterized  by  wasting  of  the  interscapular  muscles. 
None  of  the  mice  studied  became  cyanotic,  and  mice  were  killed 
oil  the  development  of  labored  mouth  breathing, 

Tumongenicify  in  Ortho  topic  and  Ectopic  Organs* 
Two  human  NSCLC  cell  lines  suspended  in  saline  or  Mairigel 
were  injected  s.c.  into  the  right  dank  of  5  mice/group.  The  rate 
of  tumor  development  was  similar  in  all  of  the  mice.  NCI-H358 
cells  developed  s.c,  tumors  in  80%  of  mice  injected  with  2.5  X 
10*  cells,  whereas  100%  of  mice  injected  i.t.  with  2  x  10*  cells 
developed  lung  tumors.  PC14PE6  cells  produced  s.c,  tumors  in 
80%  of  mice  injected  with  1  X  10*  cells,  whereas  all  of  the  mice 
injected  i.t.  with  0.5  X  I06  cells  developed  lung  tumors.  Tho¬ 
racic  tumors  were  fatal  in  all  of  the  mice,  whereas  s.c,  tumors 
were  not  associated  with  mortality  when  tumors  reached  max¬ 
imal  permissible  size. 

Serial  in  Vivo  Passages  for  Selection  of  Colls  with  1  ti¬ 
er  c  ased  Tu  m or I  genidty.  The  s  qua  mous  ce  1 1  care  i  n  om  a  ce  1 1 
line  NCI-H226  produced  slow-growing  tumors  with  no  pleu¬ 
ral  effusion.  Injection  of  0,5  X  10*  or  1  X  f  0*  cells  did  not 
form  visible  tumors  up  to  4  months  after  tumor  implantation. 
Six  of  10  mice  injected  i.t,  with  2X10*  cells  developed  a 
thoracic  tumor  and  became  moribund  3,5—4  months  after 
tumor  injection.  The  largest  tumors  were  harvested  and  es¬ 
tablished  in  vitro .  Viable  cells  were  harvested  and  reinjected 
into  the  lungs  of  nude  mice.  After  three  such  selection  cycles, 
a  cell  line  with  an  increased  tumori gen i city  was  isolated 
(Table  1). 


Jn  Vitro  Agarose  Selection  Enhanced  the  in  Vivo 
Tumorigenieity  of  NCI-H69  Cells*  The  injection  of  human 
SCLC  NCI-H69  (0,5  X  104,  ]  X  106,  and  2  X  104  cells)  into  the 
lungs  of  nude  mice  did  not  form  tumors.  In  1  mouse  injected  i.t, 
with  2  X  106  cells,  a  2-mm  tumor  was  found  12  weeks  after 
injection,  To  enhance  the  invasive  potential  of  the  parental 
NCI -Fid 9  cell  line,  a  method  of  in  vitro  selection  using  anchor¬ 
age-independent  growth  of  cells  in  agarose  (25,  26)  was  used. 
The  selection  process  was  twice  repeated  using  higher  concen¬ 
trations  of  top  layer  agarose  from  0.9%  to  1.2%  (Tabic  1),  After 
two  cycles  of  selection  in  agarose,  tumor  cells  formed  lung 
tumors  in  all  of  the  mice  injected  i.t. 

Lung  and  Lymphatic  Metastasis  of  NSCLC  Tumor- 
Cells  After  i.t,  Injection*  To  sludy  tumor  progression  and 
metastasis,  adenocarcinoma  (PC14PE6)  and  bronchiole  alveolar 
carcinoma  (NCI-H358)  cells  were  transfected  with  GFP.  Ten 
mice  were  injected  with  cither  0.5  X  10*  or  1  x  10*  cells  in 
Matrigel,  into  the  left  lung  as  described  above.  Two  mice  were 
killed  at  4-7-day  intervals,  All  of  the  mice  injected  developed 
microscopic  tumors  identified  by  fluorescence  microscopy 
(Fig,  LF).  PC14PE6  progressed  to  mediastinal  lymph  nodes  and 
spread  to  the  right  lung  on  day  4  alter  tumor  implantation.  In 
NCI-H358  tumors,  iymph  node  and  right  lung  lesions  were 
detected  on  day  28  after  injection. 

Chemotherapy  Study,  We  studied  the  effect  of  paefi- 
laxel  on  NCLH358  (bronchioloalveolar  carcinoma)  and 
PCI4FE6  (adeno carcinoma)  tumors,  growing  in  the  lungs  or 
the  subcutis.  In  all  of  the  experiments,  therapy  began  on  day 
7  after  tumor  inoculation.  We  conducted  several  experiments 
using  100  or  200  p.g  (4  or  8  mg/kg)/dose  paclitaxel.  Therapy 
was  administered  for  up  to  five  cycles  or  until  control  mice 
became  moribund,  Mice  injected  with  NCLH358  were 
treated  for  five  cycles  and  killed  7.5-9  weeks  after  tumor 
injection,  Mice  injected  with  PC14PE6  cells,  a  more  aggies- 


Clinical  Cancer  Research  5537 


bFGF  VEGF  IL-8 


Fig.  2  IHC  staining  f hr  bFGF,  VEGF/VPF,  and  IL-8  of  PCI4PB6  and  NCI-H353  orthotopic  tumors,  Although  all  of  the  factors  were  expressed  by 
the  two  tumors,  VKGF/VPF  expression  was  prominent  in  PC14PE6  tumor,  an  adenocarcinoma  that  produces  pleural  effusion. 


sive  cell  line,  were  treated  for  four  cycles  and  were  killed  4 
weeks  after  tumor  implantation.  Control  mice  in  tlie  s.c. 
injected  groups  did  not  have  evidence  of  morbidity  at  the  end 
of  the  experiment-  All  of  the  mice  in  all  of  the  groups 
tolerated  therapy  well,  as  assessed  by  similar  median  body 
weights  in  control  vs™*  treatment  groups  (data  not  shown). 
The  results  of  all  of  these  experiments  suggest  Ihal  whereas 
paclitaxel  is  efficacious  in  controlling  tumor  growth  in  the 
lungs,  it  is  much  more  effective  for  treating  s.c.  tumors 
(Table  2).  The  treatment  results  of  the  thoracic  tumors  did  not 
vary  significantly  when  using  100  or  200  jxg/dosc  paclitaxel. 
Similarly,  the  drug  effect  did  not  change  significantly  when 
by  7.5  or  9  weeks  after  tumor  implantation. 

Immunohlstodiemicat  Analysis  of  Thoracic  Tumors, 
Thoracic  tumors  were  examined  for  expression  of  several  proan- 
giogento  factors  including  bFGF,  JL-8,  and  VEGF/VFF.  These 
factors  were  expressed  at  an  early  stage  of  tumor  progression,  as 
noted  by  positive  staining  for  bFGF  in  PC14PE6  tumors  on  day 
9  after  injection  (Fig,  1JS).  A  differential  pattern  of  expression 
for  each  growth  factor  was  noted  between  the  different  types  of 
lung  cancer.  The  pleural  effusion  producing  adenocarcinoma 
(PC14PE6)  tumors  expressed  higher  levels  of  VEGF/VPF  as 
compared  with  IL-8  and  bFGF.  These  three  factors  wore  also 


expressed  by  the  bronchioloalveolar  tumors  (NGI-H358),  al¬ 
though  lo  similar  degree  (Fig.  2).  The  NCI-H358  tumor  had  low 
expression  of  E-cadhcrin  and  high  expression  of  matrix  metal¬ 
loproteinase  2  (data  not  shown), 

DISCUSSION 

We  have  developed  reliable  and  ropra duciblc  orthotopic 
nude  mouse  models  of  lung  cancer  in.  a  stepwise  fashion.  First, 
we  verified  the  feasibility  of  thoracic  injection  and  the  devel¬ 
opment  of  regional  metastasis  using  the  pigmented  B16BL6 
melanoma  cell  line  in  syngeneic  mice.  Next,  four  different 
human  lung  tumor  lines  were  injected  into  the  lung  of  nude 
mice;  PC14PE6,  a  pleural  effusion  producing  adeno carcinoma, 
NCI-H358  bronchioloalveolar  carcinoma,  and  NCI -HI  299  and 
A549  poorly  differentiated  NSCLC  lines.  Two  additional  tumor 
lines  developed  tumors  after  selection  for  more  aggressive  and 
invasive  clones;  NCI-H226  squamous  cell  carcinoma  was  se¬ 
lected  in  vivo  in  the  lung  using  our  model,  and  NCI-H69  small 
cell  lung  carcinoma  was  selected  on  agarose  in  vitro.  For  each 
of  the  lung  cancer  cell  lines  studied,  tumors  formed  as  a  single 
Focus  at  the  site  of  injection  into  the  lung.  Tumors  then  grew 
progressively  wilhin  the  injected  lung  and  spread  to  regional  and 
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cxtralhor&cic  lymph  nodes,  and  the  contralateral  lung*  The  pat¬ 
tern  of  spread  of  lung  canecr  within  [he  thorax  is  similar  to  that 
observed  clinically  in  patients  with  hing  cancer,  suggesting  that 
the  model  is  clinically  relevant.  The  absence  of  clinically  ap¬ 
parent  distant  metastasis  is  most  likely  due  to  the  aggressive 
pattern  oflocoregional  spread  of  cancer  cells  with  mice  dying  of 
diffuse  thoracic  disease  before  development  of  significant  dis¬ 
tant  metastasis.  To  overcome  this  potential  limitation,  comple¬ 
mentary  models  of  metastatic  disease  (j.e,*  brain,  liver,  and  bone 
models)  are  now  being  developed  for  each  of  ihe  lung  cancer 
types* 

This  model  validates  the  or Iho topic  principle  that  tumor 
cells  grow  better  in  their  tissue  of  origin  and  that  more  clinically 
relevant  studies  can  be  performed  using  the  orthotopic  site  of 
tumor  growth,  The  importance  of  orthotopic  models  to  study  the 
biology  and  therapy  of  cancer  had  been  demonstrated  for  other 
neoplasms  (4*  7)*  Chen  ei  al  (28)  studied  the  interaction  be¬ 
tween  NSCLC  tumors  and  macrophages  in  surgical  specimens 
and  in  cell  lines,  and  found  that  the  importance  of  tumor  cell  and 
microenvironment  interaction  holds  also  for  the  lung.  They 
suggested  that  this  interaction  up-icgulated  the  expression  of 
11,-8  by  the  tumor.  Furthermore,  high-density  infiltration  of 
tumor  by  macrophages  was  correlated  with  increased  tumor 
angiogenesis  and  adverse  outcome  in  NSCLC  patients.  More¬ 
over,  our  model  closely  resembles  human  lung  cancer  in  its 
partial  response  to  chemotherapy.  Although  treated  mice  had 
shown  a  reduction  in  tumor  burden  in  response  to  paclitaxel  (as 
assessed  by  lung  and  tumor  weight),  a  more  dramatic  response 
was  noted  in  s.c*  tumors.  This  effect  of  paclitaxel  on  s.c. 
implanted  tumors  may  in  part  explain  the  difficulty  with  the 
translation  into  a  clinical  reality  of  dramatic  responses  to  ther¬ 
apy  that  have  been  observed  for  anticancer  agents  in  preclinical 
studies  that  rely  solely  on  s.c*  tumor  xenografts  (0).  Therefore, 
it  may  be  prudent  to  first  screen  novel  anticancer  agents  in  s.c. 
tumor  models  and  to  then  screen  active  agents  in  orthotopic 
models  before  the  initiation  of  clinical  trials. 

To  date,  several  orthotopic  rodent  models  haye  been  de¬ 
veloped  to  study  human  lung  cancer.  Different  techniques  have 
been  used  to  introduce  tumors  including  intrabronchial  implan¬ 
tation  of  a  tumor  cell  inoculum  (9-11)  with  resultant  tumor 
formation  in  the  center  of  the  thorax  in  35-95%  of  animals. 
However,  intrabronchial  techniques  necessitated  irradiation  and 
tracheostomy  or  laryngoscopy  and  were  associated  with  opera¬ 
tive  modality  of  >5%.  Alternatively,  intrapleural  implantation 
of  a  tumor  cell  inoculum  without  Matrigel  has  been  used  (12, 
13),  which  resulted  in  the  development  of  cxtrathoracic  tumors 
and  an  operative  mortality  of  5-10%,  Tumors  can  also  be 
implanted  in  the  lung  parenchyma  after  skin  incision  (14)  or 
thoracotomy  and  surgical  exploration  of  the  pleura  (15-17),  The 
skin  incision  model  was  associated  with  low  operative  mortality 
yet  was  much  more  time  consuming  and  laborious,  whereas  the 
thoracotomy  model  was  associated  with  mortality  of  about  5%. 
Another  common  technique  used  surgical  human  cancerous 
specimens,  which  were  implanted  into  the  lungs  (8).  However, 
in  this  system  Ihe  number  of  tumor  cells  varies  between  surgical 
specimens.  To  date,  none  of  Ihese  models  had  been  widely 
accepted,  and  most  research  is  still  done  using  s,c,  models* 

The  models  of  lung  cancer  that  we  describe  complement 
those  that  have  been  developed  previously  and  may  overcome 


some  of  the  limitations  associated  with  them.  Wc  have  devel¬ 
oped  orthotopic  models  of  each  of  the  common  types  of  lung 
cancer,  which  should  lead  to  an  improved  understanding  of  the 
influence  of  tumor  histology  on  response  to  existing  and  emerg¬ 
ing  therapies.  The  techniques  needed  for  our  models  are  repro¬ 
ducible,  can  be  performed  quickly  (/.<?,,  each  mouse  can  be 
injected  m  under  15  s),  and  are  easily  taught.  It  is  associated 
with  virtually  no  procedure  related  animal  mortality.  Whereas 
pneumothorax  may  occur,  as  shown  in  3  of  10  treated  mice 
studied  with  X-ray  imaging  (Faxitron;  data  not  shown),  death 
within  72  h  of  the  thorax  puncture  is  <1%*  Malrigel  is  used  to 
provide  a  reproducible  anchor,  which  fixes  the  tumor  cells  to  the 
site  of  injection  and  avoid  cell  dispersion.  In  most  experiments 
wc  used  growth  factor-reduced  Matrigel*  It  contains  limited 
amounts  of  growth  factors,  which  arc  additionally  diluted  in  the 
process  of  ceil  suspension  preparation.  Overall  tumor  cell  im¬ 
plantation  with  its  addition  resells  in  a  reproducible  tumor  size, 
which  enables  therapeutic  experiments  as  demonstrated  with 
paclitaxel  as  well  as  study  of  tumor  biology  and  metastasis* 

Of  special  interest  is  the  expression  of  proangiogenic  fac¬ 
tors  by  the  implanted  lung  tumors*  I  he  significance  of  bFGF, 
VEGF/VPF,  and  IL-8  in  human  NSCLC  had  been  studied  ex¬ 
tensively,  and  their  expression  had  been  shown  to  correlate  with 
poor  outcome  in  human  lung  cancer  patients  (29).  These  factors 
are  important  for  tumor  progression  and  the  formation  of  the 
angiogenic  phenotype  from  an  early  stage  disease.  In  our  model 
of  lung  adenocarcinoma,  bFGF  was  expressed  by  early  and 
locally  advanced  human  lesions  in  the  lungs  of  nude  mice. 
These  data  are  consistent  with  what  has  been  observed  in  the 
clinic,  because  bFGF  was  shown  to  play  a  key  role  in  human 
lung  cancer  progression  (30)  and  was  expressed  even  in  small 
tumors  (<2  cm)  growth  (31).  Taken  together,  the  data  suggest 
that  it  may  be  prudent  to  target  bFGF  for  lung  adenocarcinoma 
using  anti-bFGF  therapies  such  as  low  dose-daily  1FN  (32),  In 
our  model  of  bronchioloalveolar  carcinoma  (NCI-H358),  tumors 
were  found  to  have  low  expression  of  E-cadherin  (associated 
with  ccll-to-cell  cohesion  and  adhesion)  and  high  expression  of 
matrix  metalloproteinase  2  (associated  with  invasion)*  This  pro¬ 
portion  had  been  found  to  correlate  with  increased  human  lung 
cancer  tumor  aggressiveness  (33),  which  substantiates  the  met¬ 
astatic  behavior  of  this  tumor*  Interestingly,  VEGF/VPF  expres¬ 
sion  was  higher  in  lung  adenocarcinomas  (PC14PE6)  than  for 
other  lung  cancer  histologies,  which  may  be  related  to  produc¬ 
tion  of  pleural  effusion  by  PCI4PE6  tumors.  Indeed,  Scnger 
ei  al.  (34)  had  identified  tliis  molecule  by  its  ability  to  induce 
vascular  leaking  and  named  it  vascular  permeability  factor* 
Yano  et  al.  (19)  had  found  the  relation  between  VEGF/VPF  and 
FCI4PE6  tumors  in  a  metastatic  tumor  and,  as  far  as  wc  know, 
our  finding  is  the  fust  in  an  orthotopic  model* 

In  summary,  we  have  developed  in  vivo  models  of  primary 
lung  cancer  for  both  human  NSCLC  and  human  SCLC,  which 
are  reproducible,  well  tolerated,  feasible,  and  straight  forward  to 
perform*  These  lung  cancer  models  closely  mimic  the  patterns 
observed  for  the  natural  progression  of  primaiy  lung  cancer 
from  a  single  nodule  to  disseminated  disease,  and  enables  study 
of  novel  therapeutics  and  better  understanding  of  lung  cancer 
metastasis. 
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ABSTRACT 

Purpose;  The  purpose  is  to  evaluate  whether  inhibition 
of  epidermal  growth  factor  receptor  (EGFR)  activation  by 
PKI166,  an  EOFR-tyrosine  kinase  inhibitor,  affects  growth 
of  human  lung  cancer  implanted  orthoiopically  into  the 
lungs  of  nude  mice, 

Experimental  Design;  Lungs  of  mice  were  injected  with 
NCI-11358  human  bronchioloalveolar  cancer  cells*  In  three 
experiments,  groups  of  mice  (n  =  10  per  group)  were  ran¬ 
domized  7  days  after  tumor  implantation  to  receive  one  of 
the  following  treatments:  I.p.  paclitaxel  100  or  200  p,g  (4  or 
8  mg/kg)  once  per  week,  oral  FKI166 100  or  200  mg/kg  three 
times  per  week,  paclitaxel  plus  PKI166,  or  i.p*  saline  and 
oral  PKIlfifi-vehicle  (control)  for  5  weeks*  Mice  were  killed 
6-5  to  8  weeks  after  tumor  implantation*  The  experiments 
were  repeated  with  PC14PE6  human  lung  adenocarcinoma 
cells  to  assess  effect  on  survival. 

Results;  Immunohistochemical  analyses  revealed  the 
expression  and  phosphorylation  of  EGFR  In  the  growing 
tumors.  Treatment  with  PKI166  alone  or  in  combination 
with  paclitaxel  diminished  activation  of  EGFR  on  tumor 
cells,  yet  maximal  therapeutic  effect  was  observed  in  mice 
treated  with  paclitaxel  alone*  Activated  mitogen -activated 
protein  kinase  and  basic  fibroblast  growth  factor  expression 
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were  similar  in  all  treatment  groups*  Survival  in  mice 
treated  with  Hie  combination  of  paclitaxel  and  PKI166  was 
shorter  than  in  those  treated  with  paclitaxel  alone* 

Conclusions;  Our  results  suggest  that  concurrent  ad¬ 
ministration  of  EGFR- tyrosine  kinase  inhibitor  and  chemo¬ 
therapy  is  equivalent  and  may  indeed  be  inferior  to  chem¬ 
otherapy  alone,  even  if  EGFR  is  functional  and  its 
phosphorylation  effectively  inhibited.  Our  data  show  that 
the  interaction  of  EGFR-TKIs  and  chemotherapy  Is  complex 
and  suggest  that  other  growth  factors  may  activate  the 
downstream  signaling  events* 

INTRODUCTION 

Non  small -cell  lung  cancer  (NSGi-C)  is  the  most  common 
form  of  lung  cancer  and  the  leading  cause  of  cancer-related 
death  in  the  world  (1)*  Systemic  chemotherapy  is  ihe  main 
treatment  for  the  majority  of  patients  with  NSCLC  because  most 
are  diagnosed  with  advanced  inoperable  disease.  However,  re¬ 
cent  studies  have  shown  that  modern  chemolherape tides  may 
have  reached  the  ceiling  of  their  clinical  efficacy,  and  the  5-year 
survival  rate  for  NSCLC  has  platcaucd  at  14%  (2),  These 
findings  show  that  a  new  approach  to  the  therapy  of  lung  cancer 
is  mandatory. 

Targeting  the  epidermal  growth  factor  receptor  (EGFR)  is 
one  appealing  strategy  for  the  treatment  of  lung  cancer  because 
the  EGFR  plays  a  pivotal  role  in  tumor  cell  proliferation,  sur¬ 
vival,  adhesion,  migration,  differentiation,  and  angiogenesis  (3)* 
Indeed,  increased  expression  of  EGFR,  one  of  ihe  ear  liest  and 
most  frequently  detected  abnormalities  in  the  bronchial  epithe¬ 
lium  of  heavy  smokers  (4),  is  pronounced  in  the  majority  of 
NSCLC  cases  (5,  6).  However,  ihe  relationship  between  EGFR 
expression  and  the  prognosis  of  NSCLC  patients  is  still  not  well 
established,  and  retrospective  studies  of  EGFR  expression  In 
stage  I  disease  have  yielded  conflicting  results  (7)*  Several 
approaches  to  block  RGFR-inediated  signaling  pathways  are 
under  evaluation,  including  using  monoclonal  antibodies 
(MAbs)  against  the  ligand  or  receptor,  ligand-toxin  conjugates, 
amt  sense  oligonucleotides,  and  receptor  tyrosine  kinase  inhibi¬ 
tors  (8).  A  recent  phase  II  trial  of  monotherapy  with  the  anti- 
EGFR- tyrosine  kinase  inhibitor  gefitimb  (Inessa,  ZD  1839,  As¬ 
traZeneca  Pharmaceuticals,  Wilmington,  De)  showed  tumor 
response  rare  of  10%,  a  stable  disease  of  30%,  and  a  symptom 
response  rate  of  40%  (9,  10)  for  lung  cancer  patients,  Paez  et  ah 
(11)  and  Lynch  et  al  (12)  recently  studied  EGFR  mutation 
status  in  patients  treated  with  gcfitinib  and  found  that  somatic 
mutations  in  tyrosine  kinase  site  characterize  responders  to 
therapy. 

The  cl  Ini  cal  effects  of  several  EGFR-tyrosme  kinase  inhib¬ 
itors  were  studied  intensively  bolh  in  vitro  and  in  vivo,  either 
alone  or  in  combination  with  diverse  chemotlierapcutics* 
Gardiello  et  al  (13)  and  Sirotnak  et  al  (14)  studied  the  effect 
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of  gelltinib  in  combination  with  different  chemotherapeutics. 
PKI166  (Novartis,  Switzerland)  was  studied  by  Bruns  a  at.  (15) 
in  an  ort  ho  to  pic  model  of  human  pancreatic  cancer  In  nude  mice 
and  by  Kim  et  ai  (16)  and  Weber  et  ctL  (17)  in  models  of  human 
prostate  cancer  and  renal  cell  cancer  growing  in  the  bones  of 
nude  mice.  In  these  models,  therapy  with  PKI  166  was  associ¬ 
ated  with  decreased  tumor  growth  and  metastasis,  and  the  anti¬ 
tumor  effect  was  enhanced  by  chemotherapy.  We  recently  de¬ 
veloped  an  orthotopic  lung  cancer  model  (18).  fn  this  system, 
human  lung  cancer  cells  were  injected  into  the  left  lung  of  nude 
mice.  Tumors  formed  from  a  single  focus  of  disease  and  pro¬ 
gressed  to  a  widespread  and  fatal  thoracic  process,  characterized 
by  diffuse  dissemination  of  lung  cancer  in  both  lungs  and 
metastasis  to  intra-  and  extrathoracic  lymph  nodes. 

The  purpose  of  the  present  study  was  to  evaluate  whether 
inhibition  of  EGFR  activation  by  PKI  166  affects  tumor  growth 
and  metastasis  of  human  lung  cancer  implanted  ortho  topically 
into  the  lungs  of  nude  mica  Wc  studied  human  bronchioloal¬ 
veolar  cancer  (NCI-H358)  and  lung  adenocarcinoma 
(PCI4PE6),  which  both  express  the  EGFR  and  the  activated 
EGFR,  The  results  of  these  studies  show  that  therapy  with 
PKX166  either  alone  or  in  combination  with  paclitaxel  inhibited 
EGFR  activation  for  lung  cancer  cells  growing  in  the  lung. 
However,  the  therapeutic  efficacy  of  the  regimen  of  concurrent 
PKI  166  and  pad  i  tax  el  was  inferior  to  that  of  paclitaxel  alone. 
These  results  are  similar  to  those  of  recent  human  clinical  trials 
with  gefitinib  (19,  20),  which  demonstrated  that  gefitinib 
showed  no  added  benefit  compared  with  standard  chemotherapy 
alone  in  patients  with  advanced  lung  cancer.  Our  data  strongly 
suggest  that  other  growth  factors  may  bypass  the  EGFR  block¬ 
ade  and  activate  the  downstream  signaling  events. 

MATERIALS  AND  METHODS 

Cell  Lines  and  Tissue  Culture  Conditions.  Bronchi¬ 
oloalveolar  lung  carcinoma  cells  (NCI-H358)  were  obtained 
from  the  American  Type  Culture  Collection  (Manassas,  VA).  A 
variant  (PC14PE6)  of  the  lung  adenocarcinoma  cell  line  PC  14 
tliaL  was  selected  to  produce  pleural  effusion  when  injected  into 
mice  had  been  described  previously  (21,  22).  Human  bladder 
cancel-  (253J-BV),  a  cell  line  that  highly  expresses  EGFR  and 
activated  EGFR  (23),  was  used  as  a  positive  control  for  the  In 
vitro  studies.  Adherent  monolayer  cultures  of  NCI-H358  and 
253J-BV  cells  and  floating  and  adherent  monolayer  cultures  of 
PC14PE6  cells  were  incubated  at  37DC  in  5%  CQ^-95%  air, 
NCLH358  cells  were  cultured  in  RPMI  1640  supplemented  with 
10%  fetal  bovine  serum,  L-glutamine,  and  penicillin-streptomy¬ 
cin,  and  253J-BV  cells  were  maintained  in  DMEM  supple¬ 
mented  with  5%  fetal  bovine  serum,  sodium  pyruvate,  noncs- 
sential  amino  acids,  L-glutamine,  2-fold  vitamin  solution  (Life 
technologies,  Inc.,  Grand  Island,  NY),  and  a  penicillin-strepto¬ 
mycin  mixture  (Flow  laboratories,  Rockville,  MD).  The  tumor 
cell  cultures  were  free  of  Mycoplasma  and  the  following  path¬ 
ogenic  murine  viruses:  retrovirus  type  3,  pneumonia  vims,  K 
virus,  Thciler's  encephalitis  vims,  Sendai  virus,  minute  virus, 
mouse  adenovirus,  mouse  hepatitis  virus,  lymphocytic  chorio¬ 
meningitis  virus,  ectromelia  virus,  and  lactate  dehydrogenase 
virus  (assayed  by  Microbiological  Associates,  Bethesda,  MD). 


Reagents,  PKI166,  an  BGFR-tyrosinc  kinase  Inhibitor, 
was  synthesized  and  provided  by  Novartis  Pharma  AG  (Basel, 
Switzerland).  Form  vivo  administration,  PKI  166  was  dissolved 
in  DMSQ/G.5%  Tween  80  and  then  diluted  1:20  in  HBSS  (15, 
16);  paclitaxel  (Taxol)  was  purchased  from  Bristol-Myers 
Squibb  (Princeton,  NJ)  and  dissolved  in  water  for  Lp.  injections; 
Matrigel  Matrix  Growth  Factor  Reduced  was  purchased  from 
Becton  Dickinson  &  Co.  (San  Jose,  CA;  ref.  18);  all  antibodies 
were  purchased  as  listed:  (a)  rabbit  ami-basic  fibroblast  growth 
factor-2  (bFGP),  rabbit  anti-EGF,  and  rabbit  anti-EGFR  were 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA); 
(b)  rabbit  anti-phospho-KGFR  (activated  EGFR;  Tyri345),  mb  bit 
polyclonal  phospho-p44/42  mitogen-activated  protein  kinase 
(MAPK;  Thr^fTyr^04)  were  purchased  from  Cell  Signaling 
Technology,  Inc.  (Beverly,  MA);  and  (c)  the  enhanced  chemi¬ 
luminescence  detection  system  was  purchased  from  Amersham, 
Inc.  (Arlington  Heights,  IL). 

Animals  and  Animal  Care.  Male  athymic  nude  mice 
(NCI-nu)  were  purchased  from  the  Animal  Production  Area  of 
the  National  Cancer  Institute-Frederick  Cancer  Research  and 
Development  Center  (Frederick,  MD).  The  mice  were  housed 
and  maintained  in  specific  pathogen-free  conditions  in  facilities 
approved  by  the  American  Association  for  Accreditation  of 
Laboratory  Animal  Care  and  in  accordance  with  current  regu¬ 
lations  and  standards  of  the  United  States  Department  of  Agri¬ 
culture,  United  States  Department  of  Health  and  Human  Ser¬ 
vices,  and  the  NIH,  The  mice  were  used  In  accordance  with 
institutional  guidelines  when  they  were  6  to  10  weeks  old. 

Western  Blot  Analysis  of  EGFR,  EGFR  Phosphoryla¬ 
tion  of  Lung  Cancer  Cell  Lines*  and  Response  to  Treatment 
with  PKI 16  6*  Serum-starved  NCI-11358  cel  1  s  were  studied  for 
the  expression  of  EGFR  and  activated  EGFR,  with  or  without 
the  stimulation  of  40  ng/mL  recombinant  human  EGF  for  15 
minutes.  Scrum-starved  NCLH353  cells  were  then  treated  with 
PKI  166  (0,  0.5,  t,  2.5,  and  5  |xmoI/L)  for  60  minutes  and  then 
incti bated  with  or  without  40  ng/mL  recombinant  human  EGF 
for  15  minutes,  washed,  scraped  into  PBS  containing  5  mmol/L 
EDTA  and  1  mmol/L  sodium  ortho  vanadate,  and  centrifuged. 
The  pellet  was  resuspended  in  lysis  buffer  [20  mmol/L  Tris-HCl 
(pH  8.0),  137  mmol/L  NaG,  10%  glycerol,  2  mmol/L  EDTA,  1 
mmol/L  phenyl methylsulfony l  fluoride,  20  jjunol/L  leupeptin, 
and  Gt15  unit/mL  aprollmn],  sonicated,  and  centrifuged  to  re¬ 
cover  insoluble  protein,  Immunoprecipitation  was  done  with 
monoclonal  antibody  antl-ECFR  (clone  EGF-RJ)  as  described 
previously  (15-17),  Immu noprecipitates  were  analyzed  on  7,5% 
SDS-PAGE  and  transferred  onto  0,45 -pun  nitrocellulose  mem¬ 
branes.  The  filters  were  blocked  with  3%  BSA  in  TD8  [20 
mmol/L  Tris-HCI  (pH  7.5)  and  150  mmol/L  NaClJ,  probed  with 
either  polyclonal  sheep  antihuman  EGFR  (1:1000)  or  mono¬ 
clonal  anti  phospho- tyrosine  (monoclonal  antibody  4GI0; 
1:2000)  in  TTBS  (0.1%  Tween  20  in  TBS),  and  incubated  with 
horseradish  peroxidase-conjugated  donkey  anlisheep  IgG  (1: 
2000;  Sigma,  St.  lusuis,  MO)  or  sheep  antimouse  IgG  (1 :2000), 
respectively,  in  TTBS.  Protein  bands  were  visualized  by  the 
enhanced  chemiluminescence  detection  system. 

Preparation  of  Cell  Suspension  and  Orthotopic  Implan¬ 
tation  of  Tumor  Cells.  Cells  were  injected  with  Growth  Fac¬ 
tor  Reduced  Matrigel,  which  anchors  the  tumor  cells,  thereby 
preventing  their  diffusion  into  the  thorax.  For  all  experiments,  a 
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slock  solution  of  500  |xg  of  Matrigel  in  1  niL  of  PBxS  was  used. 
Suspensions  were  prepared  of  equal  volumes  of  cells  in  PBS  and 
Matrigel  stock,  Matrigel  was  thawed  on  ice,  and  all  cell  line 
suspensions,  syringes,  and  needles  were  kept  on  ice  before  the 
injections.  Suspensions  of  tumor  cells  in  Matrigel  were  prepared 
as  described  previously  (IS),  For  intrathoracic  injection,  mice 
were  anesthetized  with  sodium  pentobarbital  (50  mg/kg  body 
weight)  and  placed  in  the  right  lateral  decubitus  position*  Cell 
inoculum  was  injected  pereutaneously  into  the  left  lung  with 
l -ml  tuberculin  syringes  (Becton  Dickinson  &  Co.)  with  30- 
gauge  hypodermic  needles. 

Therapy  for  Established  Human  Lung  Cancer  Tumors 
Growing  in  the  Lung  of  Atliymic  Nude  Mice,  In  the  initial 
set  of  experiments,  the  presence  of  microscopic  tumor  lesions 
was  determined  for  each  of  the  cell  lines.  Three  mice,  who 
received  injections  of  NCI-H358  bronchioloalveolar  cells  (1  X 
IQ6  cells  in  75  p,L  in  Matrigel),  and  three  mice,  who  received 
injections  of  PCl4PE6adenocarcinoma  cell$(0.5  X  LO^cellsin 
75  pL  in  Matrigel),  were  killed,  and  histologic  examination 
confirmed  the  lesions  to  be  actively  growing  lung  cancer  9  days 
(in  case  of  PCJ4PB6  tumor  cells)  or  14  days  (in  case  of  NCI- 
H358  tumor  cells)  after  tumor  implantation.  Mice  were  then 
injected  orthotopically  into  the  lung  with  NCI-H358  tumors 
(1  X  IQ6  cells  in  75  p,L  in  Matrigel),  Seven  days  after  implan¬ 
tation,  the  mice  were  randomized  into  the  following  treatment 
groups  (n  —  10):  once- per- week  i.p,  administration  of  paclitaxcl 
(100  or  200  4  or  8  mg/kg),  three  times-per-week  oral 

administration  of  PKI166  (100  or  200  mg/kg),  and  a  combina¬ 
tion  of  paclitaxel  and  PKI166  (same  dosages  and  frequencies  of 
each  of  the  drugs  given  alone)*  Control  mice  received  l lie  oral 
vehicle  solution  fov  PKI166  (DMSO/O.5%  Tween  80  diluted 
1:20  in  H13SS)  and  Lp.  HESS  (15-17).  Three  separate  experi¬ 
ments  were  carried  out  with  NC1-H353  tumors  for  a  total  of  5 
weeks  of  therapy.  The  experiments  were  term  mated  when  the 
control  mice  became  moribund,  and  all  mice  were  then  simul¬ 
taneously  killed,  autopsied,  and  their  tumor  tissues  were  har¬ 
vested. 

Using  similar  methodologies,  the  therapy  experiment  was 
repeated  with  PC14PE6  human  lung  adenocarcinoma  cells  with 
overall  survival  as  an  end  point.  Mice  were  implanted  with 
PCI4PE6  cells  into  the  lung  and  were  randomized  to  the  four 
treatment  groups  (n  -  10)  on  day  7.  The  mice  were  killed  and 
necropsied  when  they  became  moribund,  Survival  was  evalu¬ 
ated  by  the  Kaplan-Meier  method  (24), 

Necropsy  and  Tissue  Preparation.  Mice  were  killed 
with  a  lethal  dose  of  sodium  pentobarbital  (100  mg/kg  body 
weight)*  After  a  laparotomy,  the  thoracic  cavity  was  inspected 
through  the  diaphragm  for  evidence  of  pleural  effusion.  Pleural 
effusions  were  collected,  and  the  thoracic  organs  were  then 
removed  en  block,  including  all  lymph  nodes  and  tumors*  After 
dissection  and  removal  of  the  heart,  the  lung  and  tumor  mass 
were  washed  in  cold  PBS  and  weighed.  Other  visceral  organs 
were  removed  and  inspected  for  the  presence  of  metastases*  For 
immunohistochemical  and  H&E- staining  procedures,  one  part 
of  the  tumor  was  fixed  in  formalin  and  embedded  in  paraffin. 

Immunohistochemical  Determination  of  EGFR,  Acti¬ 
vated  EGFR,  bFGF,  and  Activated  MAPK,  Paraffin  - 
embedded  tissues  were  used  to  identify  EGFR,  activated  EGFR, 
bFGF,  and  phosphorylated  MAPK*  Immunohistochemical  pro¬ 


cedures  for  EGFR,  activated  EGFR,  and  bFGF  were  performed 
as  described  previously  (15-17,  25),  Activated  MAPK  was 
determined  as  described  by  Albanell  et  ai  (26).  Briefly,  tissue 
sections  (4  to  6  pm)  were  mounted  on  positively  charged 
Superfrost  slides  (Fisher  Scientific  Co.,  Houston,  TX)  and  dried 
overnight.  The  sections  were  deparaffinized  in  xylene,  treated 
with  a  graded  series  of  alcohol  [100,  95,  and  SC&  etomidutu/ 
double  distilled  H20  (v/v)]f  and  then  rehydrated  in  PBS  (pH 
7.5),  For  antigen  retrieval,  sections  used  for  the  activated  RGFR 
and  activated  MAPK  analyses  were  prepared  in  10  mmol/L 
ethylene  diamine  tetraacclic  acid  buffer  (pH  8)  for  10  minutes  in 
a  microwave  oven  at  600  W.  To  determine  EGFR,  slides  were 
prepared  by  pepsin  digestion  for  10  minutes.  Before  being 
stained  for  bFGF,  the  tissues  were  treated  with  pepsin  for  20 
minutes  at  37°C  and  washed  with  PRK.  The  tissues  were  incu¬ 
bated  with  primary  antibodies  overnight  at  4°C  at  the  following 
dilutions:  EGFR  1/200,  activated  EGFR  1/1000,  activated 
MAPK  1/80,  and  bFGF  1/100,  Control  samples  exposed  to  a 
secondary  antibody  alone  showed  no  staining. 

Quantification  of  Immunobistocheniical  Studies,  To 
quantify  the  intensity  of  the  immunohistochemical  reaction,  the 
absorbance  of  100  bFGF-  and  activated  MAPK-positive  cells  in 
10  random  0.039 -mm2  fields  at  X200  of  treated  tumor  tissues 
was  measured  with  Optimas  linage  Analysis  soft  ware  (15-17, 
25).  The  samples  were  not  counterstained;  therefore,  the  absorb¬ 
ance  was  attributable  solely  to  the  product  of  the  immunohisto¬ 
chemical  reaction,  bFGF  and  activated  MAPK  cytoplasmic  im- 
munoreactivity  were  evaluated  by  computer-assisted  image 
analysis  and  expressed  ns  the  ratio  of  tumor  cell  expression  to 
normal  pancreatic  gland  expression  multiplied  by  100  (27,  28), 

RESULTS 

EGFR  Is  Expressed  and  Activated  in  Human  Lung 
Cancer  Cells,  and  the  Activation  of  EGFR  Is  Blocked  by 
PKI166.  In  the  first  set  of  experiments,  we  determined  that  the 
NCI-H35S  tumor  cells  express  the  EGFR  and  the  activated 
EGFR*  A  Western  blot  analysis  showed  that  NCI-H358  tumor 
cells  express  the  EGFR  protein  constitulively.  The  activated 
EGFR  protein  was  found  after  stimulation  with  the  ligand  EGF, 
Tumor  cells  incubated  for  15  minutes  in  medium  free  of  serum 
but  containing  EGF  exhibited  the  activated  EGFR  (Mr  170,000 
band),  as  detected  by  antisera  on  Western  blot  analyses  of 
anti-EGFR  immunoprecipitaled  cell  lysates*  We  next  deter¬ 
mined  that  in  vitro  treatment  of  the  cell  lines  with  PKI166 
inhibited  BGF-stimulated  tyrosine  phosphorylation  of  the 
EGFR.  Pretreatment  of  cells  with  PKI166  for  l  hour  followed 
by  a  15 -minute  treatment  with  EGF  inhibited  the  phosphoryla¬ 
tion  in  a  dose-dependent  manner  (0  to  5  pjnoI/L).  The  identity 
of  die  Mf  170,000  band  was  confirmed  by  Western  blot  analysis 
with  anti -EGFR  antisera  (Fig.  I),  Similar  results  were  noted 
with  PC14PE6  cells  (data  not  shown). 

Inhibition  of  NSCLC  Tumor  Growth  and  Metastasis. 
Athymic  nude  mice  were  injected  into  their  left  lungs  with 
NGI-H358  cells  in  three  separate  experiments.  The  mice  were 
kitted  6.5  to  8  weeks  after  tumor  implantation,  when  the  control 
mice  became  moribund,  In  all  three  experiments,  oral  PKI166 
decreased  the  median  lung  and  tumor  weight  of  the  treated  mice 
as  compared  with  that  of  the  control  mice  but  was  less  effective 


8616  Coiicureent  EGERTKl  and  Pacliiaxd 


- ► 

PKI166fi.MJ  0  0  0,5  KD  2.5  5.0 

EQF  MO  nfl  JmLj  »  +  4  4  4  + 

Fig.  1  Inhibition  of  BGIm reduced  awtophosphorylatlon  of  EGFR;  NCI- 
H358  NSCLC  cells  growing  in  vitro  in  serum- free  medium  were  stim¬ 
ulated  for  15  minutes  with  EGF  (40  ng/mL)  in  the  presence  or  Absence 
of  PKI166  (0  to  5  pmiol/L).  The  cells  were  washed  and  lysed,  and 
insoluble  proteins  in  the  lysate  were  imimmoprccipitated  with  m  unli- 
EGFR  monoclonal  antibody,  separated  by  7.5%  SDS-PAGE,  transferred 
to  nitrocellulose,  and  sequentially  probed  with  antisera  to  phospho- 
tyrosine  (Anrl-pY)  and  EGER  (see  Materials  and  Methods),  The  immu- 
norcactive  proteins  were  detected  by  incubating  (he  blot  with  the  cor¬ 
responding  peroxidase-conjugated  IgG  and  visualised  with  the  enhanced 
chemiluminescence  system.  Densiiomelric  ipi  anti  tali  on  or  the  ratio  be¬ 
tween  the  Mr  170,000  phospho- tyrosine-specific  and  the  Mr  170,000 
EGFR-spccific  bands  was  compared  in  each  case  with  the  milrcalcd 
cells,  whose  ratio  was  defined  as  1.0. 


than  weekly  paciitaxel  alone.  The  antitumor  effects  observed  in 
the  mice  treated  with  the  combination  of  PKI16S  and  paciitaxel 
were  equivalent  or  inferior  to  those  observed  in  the  mice  treated 
with  paciitaxel  alone  (Tabic  1).  Treatment  with  PKI166  alone  or 
in  combination  with  paciitaxel  was  well  tolerated,  as  evidenced 
by  maintenance  of  body  weight  (data  not  shown). 

For  the  survival  studies,  we  used  the  same  therapeutic 
model  with  human  long  adenocarcinoma  cells  (PC14PE6)  in¬ 
jected  into  the  left  lungs  of  10  mice  in  each  group.  The  mice 
were  killed  and  necropsied  when  they  became  moribund.  As  in 
the  therapeutic  studies  in  NCI-H358  cells,  results  of  the  studies 
in  PC14PE6  cells  showed  that  the  survival  of  mice  treated  with 
a  combination  of  PKI166  and  paciitaxel  were  equivalent  to  or 
inferior  to  the  survival  of  mice  treated  with  pacliiaxel  alone.  The 
survival  data  are  presented  in  Fig.  2.  A  detailed  necropsy  re¬ 
vealed  that  all  of  the  mice  had  thoracic  tumors. 

Histology  and  Immunohisiodicrnical  Analysis.  The 
NCTH358  tumor  specimens  were  processed  for  routine  histol¬ 
ogy  and  immunohistochemical  analyses,  Immunohistochemislry 
with  specific  anti-EGFR*  activated  EGFR,  bFGF.  and  activated 
MAPK  showed  differences  in  the  level  of  expression  for  the 
different  treatment  groups.  The  lesions  did  not  show  differences 


in  the  expression  of  BGFR;  yet,  the  expression  of  activated 
EGFR  was  diminished  in  the  groups  treated  with  PKT166  alone 
or  in  combination  with  paciitaxel  (Fig,  3).  The  expression  of 
bFGF  and  activated  MAPK  was  determined.  Activated  MAPK 
expression  was  decreased  in  PK1166-treated  tumors,  whereas 
bFGF  level  was  elevated  in  PKI166  or  pacliiaxel -treated  tumors 
and  even  higher  in  tumors  treated  with  concurrent  PKI166  and 
paciitaxel  (Fig,  4). 

DISCUSSION 

The  effects  of  EGFR-tyrosinc  kinase  inhibitors  in  combi¬ 
nation  with  chemotherapy  on  subcutaneous  ectopic  tumors  have 
been  extensively  studied,  Ciardlcllo  etaL  (13),  with  gcFttinib  on 
human  cancer  lines  liiai  co-expressed  EGFR  and  its  ligand 
transforming  growth  factor  a,  observed  an  increased  antitumor 
effect  and  potentiation  of  cytotoxic  drugs  both  in  vitro  and  in 
vivo  for  s,c,  xenografts.  Sirotnak  et  al  (14)  also  showed  a 
potentiation  of  cytotoxic  treatment  with  coadininistration  of 
gefitinib  for  s,c,  xenografts,  but  the  effects  did  not  correlate  with 
the  level  of  EGFR  expression  by  the  target  tumor.  However,  the 
level  of  the  activated  EGFR,  which  is  the  presumptive  actual 
target  for  gefitinib,  was  not  tested  in  these  studies.  Furthermore, 
the  relevance  of  s.c,  tumor  growth  in  animal  models  to  that  in 
human  studies  has  to  be  carefully  ascertained  because  experi¬ 
mental  preclinical  results  frequently  cannot  be  translated  to  the 
clinic,  One  reason  for  this  is  that  lower  doses  of  chemotherapy 
agents  often  used  in  animal  models  to  benefit  from  a  synergy 
with  biological  therapies  (29).  Another  limitation  of  animal 
models  is  related  to  tumor  implantation.  The  use  of  ectopic 
tumors  does  not  adequately  lake  into  account  the  interaction 
between  the  specific  organ  environment  and  tumor  cells  (*>., 
lung  cancer  cells  interacting  with  the  lung  microenvironment; 
refs,  30 “32)  and  may  therefore  alter  the  tumor  response  to 
therapy.  Indeed,  we  have  recently  shown  that  paciitaxel  is  more 
effective  in  treating  s.c.  NSCLC  tumors  than  in  oithotopb  ones, 
suggesting  that  the  ortholopic  model  may  be  more  suitable  for 
the  study  of  lung  cancer  (18). 

lit  the  present  study,  we  examined  the  clinical  and  biolog¬ 
ical  effects  of  targeted  therapy  against  the  EGER,  atone  and  in 
combination  with  chemotherapy  in  orthotopic  lung  cancer  mod¬ 
els,  Gur  data  showed  that  concurrent  therapy  with  an  EGFR- 
tyrosinc  kinase  inhibitor  and  paciitaxel  in  two  Human  lung 


Table  1  PKI166  and  pacliiaxel  therapy  of  NCI-H358  (human  NSCLC)  tumors 
Control  PJQ166  Paciitaxel  PKI166  t  paciitaxel 


Incidence*  Median  Fdrcgntaget  Incidence*  Median  Pcrccntagef  Incidence*  Median  Pcreentagct  Incidence*  Median  Percentagcf 


Study  1 

9/9 

0,319 

I0Q% 

win 

0,318 

99% 

10/10 

0.271 

85% 

10/10 

0.287 

90% 

Study  2 

9/9 

0.345 

100% 

9/9 

0.217 

63% 

9/9 

0.215 

62% 

9/10 

0.226 

65% 

Study  3$ 

9/9 

0.340 

100% 

10/10 

0.297 

87% 

8/9 

0.248 

73% 

9/9 

0.245 

72% 

NOTE.  Weight  (grams)  designates  lung  and  tumor  weight. 

*  Number  of  positive  nnce/number  of  treated  mice. 

t  Percentage  of  control  mice  weight, 

$  NCI-H35S  human  NSCLC  cells  (1  X  10*)  were  injected  into  the  left  lung  of  nude  mice.  Seven  days  later,  groups  of  mice  were  treated  with 
oncc-a-wcck  r.p,  paciitaxel  [studies  L  and  2:  200  g,g  (8  mg/kg);  study  3;  100  (4  mg/kg)Js  three  times-a- week  oral  administration  of  PKI166  [studies 

I  and  2;  200  mg/kg;  study  3:  100  mg/kg),  and  combination  of  paciitaxel  and  PKI166,  Control  mice  received  oral  vehicle  solution  for  PKI166  and 
i.p.  injections  saline  for  a  total  of  five  weekly  courses  of  therapy.  All  mice  were  killed  on  6,5  to  8  weeks  after  tumor  injection  when  control  mice 
became  moribund. 
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Fig.  2  Therapeutic  effects  of  EGFR  blockade  and  paclilaxel;  percent¬ 
age  of  cumulative  survival.  PC14PH6  adenocarcinoma  cells  were  im¬ 
planted  in  the  lungs  of  nude  mice.  The  inice  were  randomized  into  the 
above  four  treatment  groups  (/i  =  10)  and  were  killed  when  moribund. 
Survival  analysis  was  computed  by  the  Kaplan-Meier  method,  +P  =  0J; 
** P  -  0,004;  ***P  =  0.001.  Compared  to  the  control  PKI166  alone 
improved  survival  by  2.5  days,  Combination  PKI166  and  paclitaxd  by 
4,5  days,  and  paclitaxel  alone  by  13.8  days. 


cancers  growing  ortholopically  in  inice  is  equivalent  to  or  infe¬ 
rior  to  therapy  with  paclitaxcl  alone,  although  therapy  with 
PK1166  inhibited  EGFR  phosphoiylation.  Our  studies  were 
among  the  first  to  show  the  discrepancy  between  biological 
activity  and  clinical  results  in  an  oiih  atopic  model  of  human 
lung  cancer  in  nude  mice.  Both  lung  cancer  models  studied 
expressed  the  EGFR,  the  presumed  target  for  therapy. 

Our  data  were  consistent  with  those  from  the  clinical  trials 
of  EGFR-tyrosmc  kinase  inhibitors  and  chemotherapy  for  the 
Ueatment  of  lung  cancer.  Recent  phase  III  clinical  trials  of 
gefitinib  or  erlothiib  in  combination  with  cliemoiherapy  in  pa¬ 
tients  with  advanced  NSCLC  showed  that  concurrent  gefitinib 
or  er  loti  nib  and  chemotherapy  dtd  not  improve  overall  survival 
or  other  efficacy  as  compared  with  chemotherapy  alone  (19, 20, 
33,  34).  The  lack  of  improved  efllcacy  in  the  combination 
groups  was  observed  with  different  combinations  of  chemother¬ 
apy  (carboplatin/padiiaxct  or  gemcitabine/cisplatin)  and  with 
two  dosages  of  gefitinib  (250  or  500  mg/d  ay).  Similar  clinical 
results  have  observed  for  erlotinib  (35), 

Two  recent  studies  suggested  that  response  to  mono¬ 
therapy  with  gefitinib  was  associated  with  EGFR  mutations. 
In  these  important  reports,  the  authors  suggested  that  patients 
whose  tumors  express  EGFR  mutations  were  likely  to  re¬ 
spond  to  gefitinib,  whereas  patients  whose  tumors  did  not 
express  the  mutations  did  not  show  response  (11,  12).  Our 
cell  lines  did  not  express  EGFR  mutations  (data  not  shown). 
We  propose  that  other  mechanisms  may  be  involved  hi  re¬ 
sponse  or  resistance  to  EGFR-tyrosine  kinase  inhibitors.  In 
our  orthotopic  lung  model,  the  expression  of  bPGF  by  lung 
tumors  was  increased  in  all  of  the  treatment  groups  with  a 
trend  of  higher  level  in  tumors  treated  with  the  combination 
of  PKI166  and  pad  it  axel.  Furthermore,  the  expression  and 
activation  of  MAPK  were  lower  in  tumors  treated  with 
PKI166,  as  shown  in  prior  studies  with  gefitinib  (26),  MAPK 


can  be  activated  by  bFGF  (36),  and  our  data  suggested  that 
the  effects  of  EGFR  blockade  could  possibly  be  offset  by 
downstream  signaling  events  mediated  by  bFGF  and  other 
growth  factors,  thereby  promoting  tumor  cell  survival.  Com¬ 
bination  therapy  of  bFGF  signaling  inhibitors,  e,g,,  IFNs  (37) 
and  anti-EGFR  agents,  may  be  warranted.  Furthermore,  when 
taken  together  wiLh  the  clinical  trials,  our  data  suggested  that 
the  sequencing  of  conventional  therapy  and  biological  ther¬ 
apy  with  EGFR-tyrosine  kinase  inhibitors  lias  to  be  consid¬ 
ered  and  that  concurrent  therapy  may  be  detrimental.  In  this 
regard,  Magne  et  al  (38)  recently  found  differential  effect  of 
gefitinib  in  different  combinations  with  chemotherapy  and 
radiotherapy. 

An  additional  intriguing  explanation  for  the  discrepancy 
between  the  biological  effect  and  the  clinical  efficacy  of  PKI166 
was  provided  by  recent  studies  in  animal  models  that  showed  a 
significant  response  to  the  combination  of  PK1166  therapy  with 


Activated 

EGFR  EGFR 


Fig*  3  Reprcsen  la  live  panels  of  immunohistochemical  determination 
of  EGFR  and  activated  EGFR  in  lung  cancer  tumors  (X2G0  magnifica¬ 
tion):  human  NCJ-FI358  tumors  from  the  lung  of  nude  mice  were 
harvested  and  processed  for  histology  and  immunohisiocheinical  anal¬ 
yses  6,5  to  S  weeks  after  treatment  with  once-per-week  i,p,  paclituxel 
(1D0  to  200  pg;  4  to  8  mg/tg),  three  times-per-week  oral  PKJI66  (100 
lo  200  Jiig/kg),  combination  of  paclitaxcl  and  PKII66,  or  control.  Tissue 
sections  were  stained  for  expression  of  tyrasine-phosphorylatcd,  acti¬ 
vated  EGFR,  and  total  EGFR  as  described  previously  (15-17).  Tumors 
from  all  treatment  groups  stained  positive  for  EGFR.  Duly  tumors  from 
control  mice  or  mice  treated  with  pacUtaxcl  alone  stained  positive  for 
activated  EGFR. 


8618  Concurrent  EGFR-TKl  and  Psclitaxel 


Fig.  4  For  quantification  of  the  immunoh  biochemistry  reaction  in¬ 
tensity,  the  absorbance  of  100  phosphorylated  MAPK-positive  colls 
(A)  or  bFGF-positive  cells  (£)  from  each  of  the  differently  treated 
tumor  tissues  were  measured  in  10  random  fields  at  X20Q  magnifi¬ 
cation  with  the  Opiimas  Image  Analysis  software  (B loses n)t  The 
cytoplasmic  immunorenctivity  was  evaluated  by  computer-assisted 
image  analysis  and  was  expressed  as  a  ratio  of  tumor  cell  expression 
to  norma t  muscle  cell  expression  multiplied  by  100.  Student's  /  test 
was  compared  the  results  between  control  and  each  of  the  three 
different  treatment  groups.  A,  *P  =  0.003;  **F  =  0.5;  < 

0,00001*  1$,  *P  <  Q.OOGOL 


chemotherapy  (15-17)  in  an  orthotopic  model  of  pancreatic 
cancer  and  an  oi  thotopic  model  of  prostate  carcinoma  metastasis 
to  the  bone.  Interestingly,  in  these  studies,  both  the  tumor  cells 
and  the  tumor-associated  blood  vessels  expressed  the  target 
receptor,  and  the  tumor  cells  expressed  the  ligand  transforming 
growth  factor  ct  (25).  In  contrast,  in  our  studies  of  lung  cancer, 
the  NCI-H35S  and  the  PC14PK6  tumors  did  not  express  trans¬ 
forming  growth  factor  ct,  and  the  tumor  endothelial  ceils  did  not 
express  EGFR  (data  not  shown). 

In  summary,  our  data  suggest  that  in  lung  cancer,  EGFR 
signaling  may  have  an  important  role,  yet  it  is  insufficient  to 
control  tumor  growth.  The  combination  of  several-targeted  mo¬ 
lecular  therapies  with  conventional  chemotherapy  may  be  the 
basis  of  future  therapy  for  lung  cancer-  Future  directions  for  the 
study  of  HGFR  inhibition  in  lung  cancer  should  focus  on  the 
following  topics:  identifying  the  actual  target  for  EGFR-tyroslne 
kinase  inhibitors;  identifying  the  best  tumor  biological  profile 
that  predicts  response  to  therapy  with  EGFR  inhibition,  includ¬ 
ing  the  role  of  transforming  growth  factor  a  and  the  expression 
of  EGFR  by  tumor  endothelial  cells;  and  the  sequencing  of 
chemotherapy  and  targeted  therapy. 
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Abstract,  The  ectopic  expression  of  DNA  methyltransferase  1 
(DNMT  1)  can  transforms  mammalian  cells,  and  the  inhibition 
of  DNMTl  activity  reverses  that  phenotypic  transformation. 
Therefore,  DNMTl  is  considered  to  be  an  excellent  target  for 
therapeutic  intervention.  Previously,  inhibition  of  DNMT1 
was  accomplished  by  using  an  antagonist  or  by  antisense 
oligonucleotides.  In  (his  study,  we  examined  the  ability  of  the 
novel  approach  using  small  interfering  RNA  {siRNA)  to 
disrupt  the  expression  of  DNMTl  in  human  non-small  cell 
lung  carcinoma  A549  cells  and  the  consequences  of  such 
m  intervention.  Transfection  of  DNMT1  siRNA  decreased 
DNMT1  protein  levels  specifically  and  effectively.  This 
decrease  was  accompanied  by  suppression  of  cell  proliferation 
and  colony- forming  ability.  The  mechanism  of  (his  inhibition 
may  be  related  to  the  increased  levels  of  the  cyclin  dependent 
kinase  inhibitor  p21 .  These  results  suggest  that  the  siRNA 
approach  can  be  used  to  disrupt  effectively  DNMTl  activity 
and  cancer  cell  growth . 

Introduction 

Aberrant  patterns  of  DNA  mcthylation,  which  occur  in 
parallel  with  the  hyperaclivation  of  DNA  methyltransferase 
(DNMT),  have  been  observed  in  many  cancer  cell  types  (1 ,2). 
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DNMT1  is  induced  by  nodal  cancer  signaling  pathways  (3-6), 
and  several  studies  have  found  that  the  hyperactivation  of 
DNMT!  leads  to  oncogenesis  (7,8).  However,  the  mechanism 
by  which  DNMT1  over-expression  induces  tumor  igenesis 
remains  unknown.  One  attractive  hypothesis  is  that  high 
levels  of  DNMT  activity  lead  to  the  ectopic  inethylation  and 
inactivation  of  tumor  suppressor  genes  such  as  pl6  (9),  Other 
studies  have  shown  that  the  inhibition  of  DNMT  can  arrest 
tumor  cell  growth  (7,8,10),  A  plausible  mechanism  underlying 
this  effect  is  that  the  inhibition  of  DNMT  results  in  a  stochastic 
demethyl ati on  of  a  specific  site  in  only  a  fraction  of  the 
cells  in  each  round  of  replication.  An  alternative  possibility, 
however,  is  that  the  DNMT  I  protein  might  have  a  direct 
and  immediate  effect  on  the  state  of  cellular  growth  and 
transformation  (6),  The  latter  hypothesis  is  based  on  the 
observation  that  the  inhibition  of  the  DNMT  activity  in  the 
human  lung  cancer  cell  line  A 549  by  a  DNMT  antagonist  or 
by  anti -sense  oligonucleotides  induces  a  rapid  up-regulation 
of  the  cyclin- dependent  kinase  inhibitor  p21,  which  does  not 
involve  the  demethylation  of  the  p21  promoter  (1 1 ,12). 

Current  approaches  to  targeting  a  specific  molecule  in 
mammalian  cells  have  often  met  limited  success.  Recently, 
a  new  technique  that  targets  specific  mRNA  molecules  for 
degradation  has  been  developed.  This  technique  takes 
advantage  of  post-trail  script  ional  gene  silencing  (PTGS) 
induced  by  the  direct  introduction  of  double-stranded  RNA 
(called  small  interfering  RNA  or  siRNA)  that  is  homologous 
to  (he  targeted  RNA  (13,14).  siRNA  plays  a  central  role  in 
RNA  interference  (RNAi),  and  the  most  effective  siRNAs 
have  been  reported  to  be  21  or  22  nucleotides  (nt)  with  2  nt 
3T  overhang  (15,16),  An  endonuclease  complex  uses  siRNAs 
ns  a  guide  to  cleave  the  target  mRNA  of  a  homologous 
sequence,  decreasing  the  steady-state  levels  of  the  target 
mRNA.  RNAi-med  rated  PTSG  is  a  potentially  powerful 
way  to  inhibit  cancer  cell  growth  by  targeting  genes  with 
oncogenic  properties. 

In  this  study,  we  investigated  the  effects  of  transfecting 
DNMT!  siRNA  into  A549  ceils  on  DNMT1  expression,  cell 
proliferation, colony  forming  ability,  and  p2i  expression. 

Materials  and  methods 

siRNA  synthesis.  Tills  technique  was  performed  by  in  vitro 
transcription  modified  from  the  method  described  by  Donze 
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Pjgurc  I .  Trans  feet  ion  efficiency  of  a  double -si  ranged  oligonucleotide  in 
non-small  cell  lung  cancer  A 549  cells.  The  cells  were  transfected  with  ft 
fluorescence-tagged  double-stranded  oligonucleotide  for  24  h,  fixed  with 
10%  trichloroacetic  acid,  and  Inspected  under  an  inverted  fluorescence 
microscope.  (A),  A  fluorescence  image;  (B),  Phase  contrast  image  of  the 
same  field. 


and  Picard  (17),  A  39-nt  DNA  template  oligonucleotide  was 
designed  lo  produce  21-  or  22’  nt  stRNAs.  The  siRNA 
sequence  of  the  type  AAG(N19)CN2  was  selected  from 
DNMTI  cDNA,  because  efficient  T7  RNA  polymerase 
initiation  requires  the  first  nt  of  each  RNA  to  be  a  G  (18). 
The  last  two  nts  at  the  3 1  overhang  of  the  siRNA  duplex  were 
always  UU  for  the  antisense  strand  (19). 

The  siRNA  sequences  used  in  this  study  were  as  follows: 
DNMTI:  5  -G  GA  A  A  AGCACC  AG  GC  AAACC  AC-3';  T-UUC 
CUUUUCGUGGUCCGUUUGG-51;  mutated  DNMTI 
(mDNMTl);  51  -G  G  A  A  A  A  eg  A  CC  AGc  g  A  A  ACC  AC  -  3 1 ;  3*- 
UUCCUUUUgcUGGUCgcUUUGG  -5'. 

The  mutated  sequences  did  not  show  significant  homology 
to  any  human  mRNA  found  in  a  BLAST  datahase  search. 
For  each  transcription  reaction,  a  mixture  containing  1  nmol 
of  a  39-nt  DNA  template  and  an  18-nt  T7  promoter  oligo¬ 
nucleotide  in  annealing  buffer  (10  mM  Ttis-HCl  and  100  mM 
NaCI)  was  heated  for  5  min  at  95eC  and  then  gradually 
cooled  to  room  temperature  to  obtain  a  double- stranded  DNA 
template.  In  vitro  transcription  was  performed  overnight 
using  the  AmpliSeribe  T7  High  Yield  Transcription  Kit 
(Epicentre  Technologies,  Madison,  WI)  with  50  pmol  of 
oligonucleotide  template  in  a  20  pi  reaction  volume,  followed 
by  treatment  with  RNasc-free  DNase  I  for  20  min  at  37*C. 
Sense  and  antisense  22-nt  RNAs  generated  in  separate  reactions 


were  annealed  by  mixing  the  two  crude  transcription  reactions, 
heating  for  5  min  at  95*C\  and  then  cooling  slowly  to  4SC. 
An  equal  amount  (42  pi)  of  4  M  ammonium  acetate  was 
added  to  the  mixture,  and  the  siRNA  duplex  was  precipitated 
with  twice  the  volume  of  ethanol  on  ice  for  15  min.  After 
centrifugation,  the  pellet  was  washed  once  with  70%  ethanol, 
dried,  and  re-suspended  in  200-250  pi  of  the  annealing 
buffer,  RNA  duplexes  were  identified  by  co-migration  with  a 
chemically  synthesized  siRNA  (Dharmacon,  Lafayette,  CO) 
of  tile  same  length. 

Ceil  culture  and  transfection.  The  human  non-small  cell  lung 
cancer  cell  line  A549  was  obtained  from  the  American 
Type  Culture  Collection  (Manassas,  VA).  The  cells  were 
maintained  in  a  1:1  mixture  of  Dulbecco's  modified  Eagle's 
medium  Want's  F12  medium  (DMEM;FI2)  without  antibiotics* 
supplemented  with  5%  fetal  bovine  scrum  (FRS).  For  trans¬ 
fection  of  siRNA,  cells  were  plated  on  dishes  on  the  day 
before  transfection  at  50-70%  confluency  in  DMEM:F12 
supplemented  with  1%  FBS.  Transfections  were  performed 
with  siPQRTlipid  (Ambion,  Austin,  TX)  according  to  the 
manufacturer's  instructions.  The  efficiency  of  transfection 
was  evaluated  using  a  fluorescence-tagged  double-stranded 
oligonucleotide  (20),  After  2d  h  of  transfection,  the  cells 
were  fixed  with  10%  trichloroacetic  acid  and  observed  under  an 
inverted  fluorescence  microscope.  The  protein  expression  and 
the  survival  of  the  transfected  cells  were  analyzed  48-72  h  after 
transfection.  Cell  survival  was  estimated  using  a  colorimetric 
sulforhodamine  B  (SRB)  assay  using  96- well  plates  (21,22). 
At  least  3  replicate  wells  were  used  for  each  experimental 
condition.  Anchorage- dependent  colony-forming  ability  was 
also  evaluated  by  SRB  staining  as  described  above,  using 
6 -well  plates.  The  number  of  colonies  was  counted  using 
Quantity  One  software  (Bio  Rad  Laboratories,  Hercules,  CA) 
according  to  the  manufacturer’s  instructions. 

Western  blot  analysis.  The  transfected  cells  were  harvested 
by  suspension  in  lysis-buffer  (1  mMdithiothreitol,  0T25  mM 
EDTA,  5%  glycerol,  I  mM  phenylmethylsulfonylfJuoride, 
1  pg/ml  leupeptin,  1  pg/ml  pepstatin,  1  pg/ml  aprotinin, 
and  1%  Triton  X-100  in  12.5  mM  Tris-HCl  buffer,  pH  7.0) 
on  ice.  Cell  extracts  containing  20-50  pg  of  protein  were 
subjected  to  electrophoresis  using  10%  polyacrylamide  slab 
gels  in  the  presence  of  0,1%  SDS,  After  electrophoresis* 
the  proteins  were  transferred  electrophoretic  ally  to  a  PDVF 
membrane  in  a  buffer  containing  25  mM  Tris-HCl  (pH  8.3), 
192  mM  glycine,  and  20%  (v/v)  mcthatioL  The  non-specific 
binding  sites  on  the  membrane  were  first  blocked  with  5% 
(w/v)  dried  milk  in  20  mM  Tris-HCl  (pH  7.6)  containing 
0.1  M  NaCI  and  0.1%  (v/v)  Twccn-20  (TBS-T)  for  1  h  at 
room  temperature.  After  three  washes  with  TBS-T,  the 
membrane  was  incubated  with  primary  antibody  diluted 
1:1000  in  5%  bovine  serum  aiubmin  in  TBS-T  for  1  h  at 
room  temperature  or  for  overnight  at  4“C.  The  membrane 
was  then  washed  3  times  in  TBS-T  and  incubated  with  the 
corresponding  second  antibody  conjugated  with  horseradish 
peroxidase  (Amersham  Inc.,  UK)  diluted  1:10000  in  TBS-T 
for  1  h  at  room  temperature.  The  membrane  was  then 
washed  four  times  with  TBS-T,  stained  with  an  enhanced 
chemiluminescence  system  (Amcrshiun)  according  to  the 
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Figure  2.  Effects  of  DNMT!  siRNA  trsuisfeclbn  on  fho  levels  of  DNMTI 
and  p21  in.  A549  cells*  (A-E),  A549  cells  were  tninsfected  with  siRNA  to 
DNMTl  using  siPORTfi/nW  iransfccdon  rengcni  as  described  in  Materials  hikI 
ineiliods.  After  48  h  of  transfection,  (he  expression  of  the  indicated  genes  was 
evaluated  by  Western  bloL  analysis,  mDI,  mDNMTl;  P.C.,  indicates  a 
positive  control  for  p21  and  p53.  (F  and  G),  The  expression  of  DNMTI 
relative  to  PARP  and  the  expression  of  p2i  relative  to  B  actin,  respectively 
were  determined  after  densitotnclric  scanning. 


supplier'®  instructions,  dried,  and  exposed  briefly  lo  X-ray 
film.  Anti-DNMTl  goat  IgG,  anti-p2J  rabbit  IgG*  and  anti-p53 
mouse  monoclonal  IgG  from  Santa-Cruz  Biotechnology 
(Sanla-Cruz,  CA)  were  used  as  primary  antibodies*  The  relative 
expression  of  the  proteins  was  evaluated  using  Quantity 
One  software  (Bio-Rad  Laboratories)  according  to  the 
manufacturer's  instructions. 

Results  and  Discussion 

Specific  inhibition  of  DNMTI  expression  by  siRNA  trans¬ 
fection.  The  transfection  efficiency  of  the  A 549  cells  was 
evaluated  using  a  fluorescence -tagged  double-stranded  oligo¬ 
nucleotide  and  found  to  exceed  90%  (Fig.  1),  We  then 
transfected  the  A 549  cells  with  DNMTI  SiRNA  and  analyzed 
the  effect  on  the  expression  of  the  target  gene  by  Western 
blotting.  DNMTI  levels  were  decreased  after  48  h  of  trans¬ 
fection  (Fig.  2A),  whereas  the  levels  of  poly(ADP-ribose) 


polymerase  (PARE)  and  fl-actin  used  as  controls  were  not 
affected  (Fig,  2B  and  E,  respectively).  The  effect  of  siRNA 
against  DNMTI  was  apparently  specific  because  cells  trans¬ 
fected  with  the  control  mutated  DNMTI  siRNA  (mDl)  did 
not  decrease  as  much  as  in  the  DNMTI  sLRNA-transfected 
cells  (Fig.  2A),  The  quantitation  of  the  changes  In  the  levels 
of  the  DNMTI  protein  after  siRNA  transfection  was 
performed  by  scanning  and  normalization  to  the  level  of 
PARP  (Fig.  2F  and  G)*  No  PAR?  cleavage  was  observed  in 
DNMTI  siRNA- treated  cells  (Fig.  2B),  indicating  that  the 
decrease  In  DNMT  did  not  cause  caspase  3  activation  in 
A549  cells. 

Effect  of  decreased  expression  of  DNMTI  on  the  growth  of 
A549.  The  effect  of  DNMTI  siRNA  on  the  growth  of  A549 
cells  in  monolayer  culture  was  examined  next.  The  growth  of 
A549  cells  was  not  affected  by  siRNA  oligonucleotides  added 
to  the  cells  in  the  absence  of  the  transfection  reagent  (data  not 
shown).  However,  when  DNMTi  siRNA  was  introduced  at 
10, 20  or  40  nM  with  the  transfection  reagent,  the  A549  cells 
showed  about  75  and  65%  survival,  respectively,  compared 
with  the  control  colls  after  48  h  of  tranfection  (Fig*  3 A),  The 
growth  inhibitory  effects  of  the  mutated  siRNA  (mDNMTl) 
did  not  exceed  20%  indicating  the  specificity  of  the  DNMTI 
siRNA  (Fig*  3A). 

We  also  compared  the  effects  of  DNMTI  siRNA  with  those 
of  5-aza-2-dcoxycytidine  (5-aza-dC),  because  experimental 
inhibition  of  DNMT  has  relied  for  the  most  part  on  the  5-aza 
nucleoside  analogs  5-azacytidinc  (5-azaC)  and  5-aza-dC  (23). 
When  DNMTI  siRNA  was  introduced  at  either  10  or  20  nM 
with  the  transfection  reagent,  the  A 549  cells  showed  about 
50%  survival  after  72  h  of  transfection*  while  the  growth 
inhibitory  effects  of  1  and  10  pM  5-aza-dC  were  7%  and 
24%  after  the  72-h  treatment,  respectively.  To  exert  its 
biological  effects  5-aza-dC  must  be  incorporated  into  the 
DNA,  where  it  covalently  trap  the  bulky  190-kDa  DNMT 
enzyme  onto  the  DNA  (24).  5-aza  dC  can  affects  many 
cellular  processes  and  alter  cellular  differentiation,  even  in 
organisms  that  do  not  bear  methylated  bases  in  their  genomes 
(25).  Experiments  in  which  DNMT  has  been  inhibited  by 
genetic  means,  such  as  by  targeted  disruption  of  the  DNMT 
gene  in  mice,  resulted  in  directly  opposite  effects  on  gene 
expression  than  those  observed  with  5 -az  a -dC  treatment 
(26,27),  Therefore,  the  growth  inhibitory  effect  of  5-aza-dC 
that  we  have  seen  here  may  be  because  of  a  change  in  gene 
expression  enused  by  mechanisms  unrelated  to  the  DNMT 
inhibition!  for  example,  a  modification  of  the  chromatin 
structure  has  been  suggested  (28-30).  In  any  event,  the  siRNA- 
mediated  specific  inhibition  of  DNMTI  causes  stronger  and 
faster  inhibition  of  cell  growth  than  5-aza-dG  treatment. 

In  addition  to  the  growth  in  monolayer  culture,  wc  also 
examined  the  effects  of  DNMTI  siRNA  on  colony  format  ion* 
Fig.  4  shows  the  effects  of  treating  the  A549  cells  with  siRNA 
for  48  h  followed  by  harvesting  and  reseeding  at  the  same 
cell  density,  and  culturing  for  additional  6  days.  The  number 
of  colonies  formed  by  the  DNMTI  slRNA-lransfEcled  cell 
suspension  was  <10%,  whereas  those  from  20  nM  mutated 
siRNA  (mDNMTl)- treated  cells  was  72%  of  that  of  the 
control  culture.  It  should  be  noted  that  the  maximum  effect 
was  obtained  at  10  nM  of  DNMTI  siRNA,  suggesting  that 
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Figure  3*  Effect  of  DNMTl  siRNA  iransfcction  on  growth  of  A549  cells.  (A),  The  A 549  cells  were  transfected  with  different  concentrations  of  DNMTl  or 
mutated  DMNMTI  (liiDNMTl)  siRNAa  and  analyzed  for  their  survival  by  SRB  assay  after  48  h  of  transfection.  (B),  The  cells  were  treated  with  eiUvcrS-aza- 
dC  or  DNMTl  siRNA  In  the  presence  of  the  transfection  reagent  for  72  h.  Cell  survival  was  evaluated  by  the  SRB  assay*  The  assays  were  performed  in 
triplicates  and  the  data  are  the  mean  ±  SEM. 


DNMTl  slRNA(nM) 


figure  4.  Effect  of  DNMTl  siRNA  introdueiion  on  colony  forming  ability 
of  A549  cells.  The  cells  were  treated  with  different  concentrations  of 
DNMTl  or  20  raDNMTl  siRNA  for  48  h,  uypsiuizcd,  reseeded  at  the 
same  cell  density,  and  cultured  for  6  days.  The  adherent  colonies  were  fixed, 
stained  with  SRB,  photographed  (lop  panel)  and  counted  (lower  panel)  as 
described  in  Materials  and  methods. 


even  a  partial  silencing  was  sufficient  to  abolish  the  colony¬ 
forming  ability  of  A 549  cells. 

Induction  of  p21  expression  by  suppression  of  DNMTl  levels. 
The  inhibition  of  DNMT  activity  by  a  DNMT  antagonist  or 
by  antisense  oligonucleotides  in  A549  cells  was  reported 
to  result  in  a  rapid  up-regulation  of  the  expression  of  p21 , 
which  was  the  only  one  induced  among  the  16  known  tumor 
suppressors  and  cell  cycle  regulators  (M  ,12).  Therefore,  we 
examined  whether  DNMTl  siRNA-tnmsfection  changes  p21 
expression  In  these  cells.  We  found  that  the  level  of  p21 
expression,  but  not  that  of  p53,  was  higher  in  cells  in  which 


DNMTl  levels  were  lowered  as  a  result  of  DNMTl  siRNA 
transfection  (Fig.  2C,  D  and  G).  The  A 549  cells  have  been 
reported  to  harbor  the  wild-type  p53  gene  (31).  However, 
the  up-regulation  of  p21  in  DNMTl  transfectants  was  not 
accompanied  by  an  increase  in  the  level  of  p53  protein, 
suggesting  that  this  event  does  not  require  p53  activation. 
p21  contra  Is  cell  cycle  transition  at  the  Gl-S  boundary  by 
forming  a  complex  with  PCNA,  cyclin  Dl,  and  CDK4  (32). 
Human  DNMTl  competes  with  p21  For  PCNA  binding  (32). 
This  DNMTl -PCNA  complex  is  found  in  transformed  cells 
with  high  levels  of  DNMTl  but  not  in  non -transformed 
cells  and  can  be  disrupted  by  p21 -deri  ved  peptides  (33).  This 
competition  between  DNMTl  and  p2l  for  the  same  binding 
site  on  PCNA  may  explain  the  inverse  relationship  and 
regulation  observed.  The  elevated  levels  of  DNMTl  compete 
with  and  displace  p21  from  its  target  PCNA,  and  the  free  p21 
may  be  more  susceptible  to  proteolytic  degradation  than 
p21  in  a  complex  with  PCNA  and  other  proteins.  On  the  other 
hand,  higher  levels  of  p21  would  displace  DNMTl  from 
PCNA  and  lead  to  its  degradation.  Thus,  the  elevated  levels  of 
DNMTl  found  in  transformed  ceils  may  effectively  regulate 
proliferation  both  by  reducing  cellular  p21  levels  and  by 
competing  directly  for  the  downstream  target  PCNA  (11). 

Several  studies  using  an  antisense  oligonucleotide  strategy 
have  shown  that  DNMTl  is  a  good  target  for  inhibiting  cancer 
cell  growth  (7,3,1 1,12,34).  It  has  been  suggested  that  siRNA 
may  have  a  better  potential  clinical  activity  than  antisense 
RNA  or  rlbozynic  approaches  in  silencing  gene  expression 
efficiently  and  specifically  (35).  In  this  study,  we  found  that 
siRNA-mcdialed  gene  silencing  can  be  applied  to  inhibit 
the  growth  of  cancer  cells.  Although  siRNA  appears  to  be 
one  of  the  most  promising  approaches  to  suppressing  gene 
expression  (13-16),  no  attempt  has  been  made  so  far  to  use 
this  approach  to  silence  DNMTl  in  lung  cancer  cells. 
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Therefore,  we  designed  this  study  to  test  the  effect  of  siRNA  s 
targeting  DNMTL  Our  findings  showed  that  ti'ansfeciion  of 
siRNA  specific  to  DNMT1  reduced  its  protein  level  and  that 
this  event  was  associated  with  a  significant  inhibition  of  cell 
proliferation.  Although  the  silencing  efficacy  did  not  reach 
100%,  probably  because  of  the  positional  effects  of  selected 
targeted  sequences  (15),  even  partial  silencing  was  sufficient 
to  observe  growth  inhibition  by  siRNA  specific  to  DNMT1 . 

Although  we  found  that  siRNA-mediatcd  gene  silencing 
could  be  used  to  inhibit  cancer  cell  growth  in  this  study,  it  is 
obvious  that  many  steps,  including  providing  preclinical  data 
from  animal  experiments  and  developing  effective  siRNA 
delivery  methods,  must  be  completed  before  this  technique 
can  be  assessed  for  clinical  potential.  Recently,  it  has  been 
reported  that  intravenous  injection  of  siRNA  specifically 
reduced  target  mRNA  levels  and  expression  in  a  mouse 
model  and  that  the  effects  persisted  without  diminution  for 
10  days  (36).  Suitable  systems  that  specifically  deliver 
siRNA  to  the  tayget  cells  with  greater  efficiency  are  expected 
hi  the  near  future. 
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ABSTRACT 

Fa  rnesyflransf  erase  Inhibitors  (FTIs)  have  been  demons  hated  to  induce  growth  arrest 
or  apoptosis  independent  of  Ras  mutation.  Alternatively,  Akt  has  been  proposed  as  a 
potential  target  for  the  FTTs  actions.  This  study  investigated  whether  Lonafarnib  was  effective 
in  inhibiting  the  growth  of  human  non-small  cell  lung  cancer  [NSCLC)  cells  and  elucidated 
the  rote  of  Akt  in  mediating  such  growth  inhibitory  effects.  Lonafarnib*  at  clinical  achievable 
concentration  ranges,  was  effective  in  inhibiting  the  growth  of  10  NSCLC  cell  lines, 
particularly  after  a  prolonged  treatment,  regardless  of  Ras  mutational  status,  Lonafarnib 
arrested  cells  growth  at  Gj  or  G2/M  phase  in  the  majority  tested  cell  lines,  However  it 
induced  apoptosis  when  cells  were  cultured  in  a  low  serum  (0. 1%)  medium.  The  majority 
of  NSCLC  cell  linos  expressed  undetectable  level  of  phosphorylated  Akt  (p-Akl). 
Lonafarnib  at  up  to  1 0  pM did  not  decrease  either  total  Akt  level  or  p*Akt  level  in  any  of 
the  tested  cell  lines,  even  after  a  48  h  treatment.  Unexpectedly,  Lonafarnib  even  Increased 
p-Akf  level  in  one  cell  line,  although  it  was  as  sensitive  as  others  to  Lonafarnib  treatment 
and  underwent  G2/M  arrest.  Bovine  serum  albumin  completely  rescued  cells  from 
Lona lam ib-induced  apoptosis  in  low  serum  medium,  indicating  that  proteins  rather  than 
cytokines  or  growth  factors  in  scrum  masks  Lonafarnib's  pra-apoptotic  effect.  Therefore, 
we  conclude  that  Lonafarnib  is  effective  in  inhibiting  the  growth  of  NSCLC  cells  either  via 
growth  arresl  or  induction  of  apoptosis  without  downregulation  of  Akt, 


INTRODUCTION 

Ras  proteins  are  members  of  a  large  superfamily  of  low  molecular-weight  GTP-bmding 
proteins  and  have  essential  roles  In  controlling  the  activity  of  several  crucial  signaling 
pathways  that  regulate  normal  cellular  proliferation  and  death,1,2  The  high  frequency  of 
Ras  mutation  is  associated  with  formation  and  development  of  many  human  cancers 
including  lung  cancer,  which  spurs  interest  in  targeting  the  Ras  pathway  for  cancer  therapy 
Because  mutational  Ras  protein  requires  farnesylation  to  ensure  its  cell  membrane  local¬ 
ization  and  hence  its  biological  function,1’2  farnesyltransferase  inhibitors  (FTIs)  were  ration¬ 
ally  designed  to  target  tile  farnesytkransferase  enzyme  to  prevent  Ras  oncoprotein  from 
farnesylation,1,3  5  These  agents  have  shown  a  remarkable  ability  to  block  Ras-mediated 
oncogenesis,6  inhibit  the  growth  of  cancer  cell  lines  in  culture,  or  suppress  the  growth  of 
xenografts*  particularly  those  with  HLRas  mutation,  in  nude  in  ice  /  Other  studies  have 
shown  that  these  agents  exhibit  a  broadet  spectrum  of  activity  that  includes  cancer  cells 
without  Ras  mutation In  the  clinic,  FTIs  have  been  shown  to  be  effective  against  several 
types  of  human  cancers*  especially  in  combination  with  taxancs.'*-5’8  Although  these  agents 
were  originally  designed  to  be  anti-ILas  drugs,  the  Ras-in dependent  antitumor  activity  of 
FTIs  has  been  demonstrated.^^  Therefore*  die  mechanisms  underlying  FTIs1  amicancer 
activity  remain  unclear. 

One  downstream  effector  pathway  of  Ras  signaling,  which  mediates  cell  proliferation 
and  survival,  is  the  phospho I nositidc-3^ kinase  (PI3K)/Akt  cascade,1  This  pathway  has 
recently  attracted  attention  and  been  considered  to  be  a  possible  candidate  target  in 
mediating  FTIs"  antkancer  effect*  particularly  their  apoptosis-inducing  effect,1*^  Jiang  et 
al.10  reported  that  FTI-277  inhibited  the  insulin  growth  factor- 1  (IGF-1)-  or  serum-stim¬ 
ulated  PI3K/Akt2  activation  in  some  cancer  cell  lines  and  a  constimtively  active  form  of 
Akt2  rescued  cancer  cells  from  FTI-277- induced  apoptosis.  Thus  they  proposed  that  FTIs 
exert  their  apoptosis-inducing  effects  through  inhibition  of  Pr3K/Akt2-mediated  cell  survival 
pathway.  Du  et  al11  demonstrated  that  activation  of  the  PI3K/Akt  pathway  masks  the 
proapoptotic  effects  of  FTIs  using  Ras -transformed  rodent  fibroblasts.  Chun  et  al.12 
recently  reported  that  Lonafarnib  inhibited  Akt  activation  by  decreasing  levels  of  Aktl  and 
Akt2  in  head  and  neck  squamous  carcinoma  cells  and  expression  of  a  const! tutively  active 
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LONAFARNIB  MEDIATEO  GROWTH  INHIBITION  OF  LUNG  CANCER  CELLS 


Figure  1 .  Lonafarnib  Inhibits  iho  growth  of  human  NSCLC  cells.  The  indi¬ 
cated  human  NSCLC  cell  lines  were  seeded  in  96-well  plates  and  treated  on 
the  second  day  with  ihe  indicated  conconlrations  of  Lonafarnib  for  five  days. 
Cell  numbers  were  then  oslinnoJed  using  the  SRB  essay.  Each  point  represents 
a  mean  ±  SD  of  four  replicate  determinations, 

form  of  Akt  rescued  cells  from  Ixmafamib-induccd  apoptosis.  Liu  ct 
si13  found  that  Aktl  activation  by  Ras  or  epidermal  growth  factor 
(EGF)  could  be  disrupted  by  FTI  treatment  in  COS-7  and  MCF-7 
cell.^  respectively.  However,  they  also  reported  that  L-744832  could 
not  suppress  basal  level  activity  of  endogenous  Aktl  in  either 
RhoB+^  or  RhoB^  mouse  embryonic  fibroblast  cells,14  In  another 
study  by  Edamaisu  et  aL, 15  SCH56582  induced  apoptosis  but  did 
not  affect  the  Akt  phosphorylation  in  LNCaP  and  PC-3  cells.  There¬ 
fore,  the  role  of  PI3K/Akt  pathway  in  FTI-medlated  growth  inhibition 
or  apoptosis  may  vary  depending  on  cell  types  or  FTIs  used, 

Lonafarnib  (also  called  SCH6633 6  or  Sarasar),  a  non-peptide  tri¬ 
cyclic  FTI,  was  one  of  the  first  FTIs  to  undergo  clinical  testing  and 
to  exhibit  significant  activity,16  In  vitro,  this  agent,  either  alone  or  in 
combination  with  other  therapeutic  agents,  was  shown  to  inhibit  the 
growth  or  to  induce  apoptosis  of  several  types  of  human  cancer  cells 
including  lung  cancer  cells.  l2|17^2fi  In  animal  models,  Lonafarnib 
demonstrated  potent  oral  activity  in  a  wide  array  of  human  tumor 
xenograft  models  including  tumors  of  colon,  lung,  pancreas, 
prostate,  and  urinary  bladder  origin.21  When  it  was  combined  with 
other  chemotherapeutic  agents,  enhanced  antitumor  activity  was 
observed.27  Our  recently  work  demonstrated  diat  a  significant  clinical 
activity  was  seen  then  the  agent  was  combined  with  paclitaxol  in  a 
phase  I  trial  enrolling  individuals  with  lung  or  aeradigmive  tract 
cancer.2®  Like  other  FTIs,  Lonafarnib  was  also  effective  to  Inhibit 
the  growth  of  many  cancer  celt  lines  without  Ras  mutation.21*27 
Thus,  it  appears  that  Lonafarnib  may  exert  its  antitumor  activity 
through  mechanisms  beyond  suppression  of  Ras  inactivation.  Chun 
et  al12  recently  demonstrated  that  suppression  of  Akt  activation 
plays  a  role  in  Lonafamib-induced  apoptosis  in  human  head  and 
neck  squamous  carcinoma  cells. 

In  tile  present  study  we  examined  the  effects  of  Lonafirmb  on 
the  growth  of  a  panel  of  human  non-small  cell  lung  cancer  (NSCLC) 


Table  1  Histology,  p53  and  Ras  Mutational  Status 

of  Human  NSCLC  Cell  Lines  Used  in  This  Study 
and  Their  Responses  to  Lonafarnib  Treatment 
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cell  lines  with  different  Ras  mutational  status  and  the  potential  role 
ofPI3KMkt  pathway  in  mediating  such  effects.  Our  results  demon¬ 
strated  that  Lonafarnib  was  effective  in  inhibiting  the  growth  of 
NSCI.C  cells  regardless  of  Ras  mutation,  particularly  after  a  prolonged 
exposure.  In  addition*  we  demonstrated  that  the  PI3K/Akt  pathway 
was  unlikely  to  be  a  target  for  Lonafarnib^  growth  inhibitory  effect 
in  human  NSCLC  cells. 

MARERIALS  AMD  METHODS 

Reagents.  Lonafarnib  was  provided  by  Schering-Plough  Research 
Institute  (Kenilworth,  NJ).  The  PI3K  Inhibitor  IY294002  was  purchased 
from  Bio  mol  (Plymouth  Meeting,  PA),  They  were  dissolved  in  dimethyl 
sulfoxide  (DMSO)  at  a  concentration  of  10  mM  or  20  mM,  and  aliquots 
were  stored  at  -8G*C.  Stock  solutions  were  diluted  to  the  desired  final  con¬ 
centrations  with  growth  medium  just  before  use.  Other  agents  were  purchased 
from  Sigma  Chemical  Co,  (St.  Louis,  MO). 

Cell  Lines  and  Cell  Culture.  All  human  NSCLC  cell  lines  used  in  this 
study  were  purchased  from  the  American  Type  Culture  Collection  (ATCC; 
Manassas,  YA).  They  were  grown  in  monolayer  culture  in  RPMI  1 640  medium 
supplemented  with  glutamine  and  5%  fetal  bovine  serum  (FBS)  at  37 &C  in 
a  humidified  atmosphere  consisting  of  5%  Ct>2  and  95%  air. 

Growth  Inhibition  Assay.  Cells  were  seeded  in  96-well  cell  culture  pi  a  res 
and  treated  on  the  second  day  with  different  concentrations  of  Lonafarnib. 
At  the  end  of  treatment,  cell  number  was  estimated  by  the  sulforhodamine 
B  (SRB)  assay  as  previously  described,23 

Cell  Cycle  Analysis.  Cell  were  seeded  In  10 -cm  diameter  cell  culture 
dishes  and  treated  on  the  second  day  wirh  Lonafarnib  alone  or  combined 
with  other  agents.  At  the  end  of  treatment,  cells  were  trypsinized  and  single 
cell  suspensions  were  subjected  to  staining  and  subsequent  analysis  by  flow 
cytometry  as  described  previously.36 

Detection  of  Apoptosis.  Formation  of  sub-GL  population  was  primarily 
used  as  an  indicator  of  apoptosis*  which  was  measured  during  cell  cycle 
analysis  as  described  above.  In  addition,  DNA  fragmentation  was  also- 
estimated  using  a  Cell  Death  Detection  ELISA1*1™  kit  (Radio  Molecular 
Biochemicals,  Indianapolis,  IN)  according  to  the  manufacturers  instructions, 
This  kit  was  designed  for  detecting  cytoplasmic  histone-associated  DNA 
fragments  (intmonudcosome  and  oligonuclcosomes)  formed  during  apoptosis. 

Western  Blot  Analysis.  The  procedures  for  preparation  of  whole  cell 
protein  lysares  and  for  the  Western  blotting  were  described  previously,31 
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RESULTS 

Lonafarnib  Effectively  Inhibits  the  Growth  of  Human 
NSCLC  Cells,  The  effects  of  Lonafarmbs  as  a  single  agent,  on 
the  growth  of  NSCLC  cells  have  not  been  systemically  studied. 
In  this  study,  we  used  ten  human  NSCLC  cell  lines  with  dif¬ 
ferent  histology*  p53  status  or  Ras  mutational  status  (Table  1) 
to  compare  the  effects  of  Lonafarnib  on  their  growth*  Under 
normal  culture  condition  (5%  FBS},  Lonafarnib  exhibited  a 
concentration- dependent  inhibitory  effect  on  the  growth  of  all 
tested  NSCLC  cell  lines  (Fig.  1).  The  IC^s,  which  arc  the 
concentrations  causing  cell  number  decrease  by  50%,  for 
3-day  and  5Hday  treat  merits  were  2, 1  to  9*8  JJ.M  and  0*  14  to  3, 12 
jJtMj  respectively  (Tabic  I).  Among  the  ten  tested  cell  lines, 
only  two  cell  lines  (i.e.>  H522  and  Hi 944)  were  not  as  sensi¬ 
tive  as  other  cell  lines  to  Lonafarnib  treatment.  The  ICc^s  of 
Lonafarnib  for  these  cell  lines  were  above  1  pM  (Table  1)* 
Even  though,  the  growth  inhibitory  effects  of  Louafanin  fora 
5-day  incubation  in  diis  two  cdl  lines  were  still  greatly 
increased  compared  with  those  for  a  3 -day  exposure.  Therefore, 
these  results  clearly  indicate  that  a  prolonged  incubation 
improves  I  .onaiarmb’s  growth  inhibitory  effect.  We  noted  chat 
low  FBS  (0.1%)  culture  condition  further  enhanced 
Lonafernibs  growth  In hibitoiy  effect  in  NSCLC  cells  (data  not 
shown).  Except  for  Hi 944,  the  Ras  mutational  statuses  are 
known  to  Other  NSCLC  cell  lines  (Table  l).  However  we  did 
not  find  an  association  between  Ras  mutation  and  cell  sensi¬ 
tivity  to  Lonafarnib  in  these  cell  lines.  So  did  to  p53  status. 
Thus,  it  appears  that  Lonafarnib  inhibits  the  growth  of 
NSCLC  cells  independent  of  p53  or  Ras  mutation. 

Lonafarnib  Induces  Growth  Arrest  or  Apoptosis  in 
NSCLC  Cells  Depending  on  Cell  lines  or  Culture 
Conditions.  Tb  determine  how  Lonafarnib  inhibits  the 
growth  of  NSCLC  cells  as  demonstrated  above,  we  further 
analyzed  cdl  cycle  distribution  of  these  cdl  lines  after  exposure 
to  Lonafarnib  using  a  flow  cytometry  We  found  that  the 
majority  of  cdl  lines  (seven  of  nine)  underwent  either  G(  or 
G^/M  arrest  depending  on  cell  lines  when  treated  with 
Ixmafamtb  ar  up  to  10  pM  for  up  to  48  h  (Table  1).  No  signif¬ 
icant  increase  of  Sub-G1  population  was  detected  in  these  cell 
lines,  However,  we  were  able  to  detect  an  Increase  in  the  sub-G1 
population  in  three  cell  lines  (i,c„  H1792,  Hi 648  and 
HI 944),  indicating  that  Lonafarnib  induces  apoptosis  in  these 
cdl  lines.  Figure  2A  shows  an  example  of  results  from  H1792 
cells,  in  which  suE-GL  population  increased  from  8.7%  (control 
cells)  to  34,4%  and  56.7%  when  treated  with  5  JlM  and  10  |lM 
lonafarnib,  respectively,  for  48  b.  In  agreement,  we  detected 
cleaved  form  of  PAR?  from  cdls  treated  with  5  pM  or  10  JIM 

figure  2*  Lonafarnib  increases  sub-G*  population  ]A  and  B)  and  induces  PARP  cleavage  (C[  Loiiafarnib  (Fig,  2Q. 

In  HI 792  cells.  Cells  Were  healed  with  fhe  indicated  concentrations  of  lonafarnib  in  Iho  f  cells  were  cultured  in  low  serum  (0,1%)  medium, 

medium  contoing  ellher  5%  F&S  or  0.1%  FBS  for  48  h,  and  then  were  harvested  for  sub-G1  ^onafarmb  induced  a  cytotoxic  effect  rather  than  growth 
analysis  using  a  flow  cytometry  (A  and  B).  In  addition,  partial  cdls  Ircated  in  5%  FBS-con-  arc^5t  by  promoting  cells  to  undergo  apoptosis,  H1792  celts, 
taining  medium  were  used  for  preparation  of  whole  cell  protein  lysates  and  subsequent  which  primarily  underwent  apoptosis  upon  Lonafarnib  treat- 
analysis  of  PARP  cleavage  using  the  Western  blot  analysis  (C),  CF,  cleaved  Fragment,  ment  under  normal  culture  condition,  became  even  more 

sensitive  to  Londarn ib  -id  need  apoptosis*  The  su  b-G  (  popu  la- 
Whole  cell  protein  lysates  (50  Jig)  were  dectrophorescd  through  10%  or  tion  in  0,1%  FBS  medium  after  Lonafarnib  increased  from  12.6%  (DMSO 

12%  denaturing  polyacryamide  slab  gels  and  transferred  to  a  PROTRAN  control)  to  71*9%  (5  |iM  Lonafarnib)  or  99*8%  (10  pM  Lonafemib)  (Fig*  2B) 

pure  nitrocellulose  transfer  membrane  (Schleicher  6c  Schueil  BioSdencc,  in  comparison  with  an  increase  in  5%  FBS  medium  from  8,7%  (DMSO)  to 

Inc.,  Keene,  NH)  by  electroblotting.  The  blots  were  probed  or  reprobed  34.4  (5  JlM  Lonafarnib)  or  56.7%  (10  jiM  Lonafarnib)  (Fig.  2A).  HI 57 

with  the  primary  antibodies  and  then  antibody  binding  was  detecred  using  cells,  which  primarily  underwent  G2/M  arrest  when  exposed,  to  Lonafarnib 

the  SuperSignal  West  Pico  Chemiluminescent  Substrate  (Pierce  tinder  the  normal  culture  condition  as  shown  in  Figure  3A,  exhibited  a 

Biotechnology  Inc,,  Rockford,  1L)  according  to  the  manufacturers  protocol*  significant  increase  of  sub-G,  population  from  16.4%  (in  5%  FBS  medium) 

Rabhit  polyclonal  antibodies  against  PARR  Akt.  phospha-Akt  (p-Akt,  to  99*8%  (In  0.1%  FBS  medium)  after  incubation  with  10  jlM  Lotiafar nib 

Ser473),  and  phospho-GSK-3j3  (p-GSK-33,  Ser9)>  respectively,  were  pur-  for  48  h  (Fig,  3B),  These  results  indicate  that  Lonafarnibs  effea  on  cell 

chased  from  Cell  Signaling Technology  Inc*  (Beverly,  MA).  Rabbit  polyclonal  growth  can  be  convened  from  cytostatic  (growth  arrest)  to  cytotoxic  one 

anti-actm  antibody  was  purchased  from  Sigma  Chemical  Co.  when  cultured  in  low-serum  medium. 
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Figure  3,  Lonafarnib  induces  G2/M  arrest  (A)  or  apoptosis  in  bw  serum  medium  [B)  in 
HI 57  cdfs,  Colls  were  (reared  with  Ihe  indicoJed  concentration  of  Lonafarnib  in  the 
presence  of  5%  fBS  [A}  or  0,1%  FBS  [B|  For  4Q  h*  and  l hen  subjected  to  cell  cycle  and 
sub-G1  analysis  using  a  flaw  cytometry. 


I*onafatnib  Does  Not  Decrease  Akt  or  p-Akt  Level 
in  Human  NSCLC  Cells-  It  has  been  proposed  hi  some  studies 
that  PI3K/Akt  may  serve  as  a  target  for  FTT-mediated  growth 
inhibition  or  apoptosis,10  ^  Therefore*  we  next  examined 
whether  Lonafarnib  exerted  any  effect  on  Akt  level  or  activity  in 
human  NSCLC  cells.  Under  normal  culture  conditions,  wc 
found  that  the  majority  of  die  NSCLC  cell  lines  (9/10)  used  in 
our  study  expressed  basal  level  of  Akt,  However*  among  these  cell 
lines*  only  H157  expressed  high  levels  of  p-Akt*  whereas  other 
cell  lines  expressed  very  low  (A549)  or  undetectable  level  of 
p-Akt  (Fig,  4A).Thc  6  cell  lines*  when  exposed  to  5  JlM  or  1 0  jlM 
Lonafarnib  for  24  h*  did  not  apparently  show  altered  expression 
levels  of  total  Akt  (Fig.  413),  In  Hi 57  and  Hi 792  cells* 
Lonafarnib  at  5  did  not  alter  the  level  of  Akt  even  after  a 
3-day  treatment  (Fig.  4C).  Unexpectedly*  we  found  that 
Lonafarnib  increased  p-Akt  level  (Fig  4B)*  indicating  that  it 
actually  increases  Akt  activity  in  Hi 57  cells-  This  activity  was 
observed  at  early  4  h  after  Lonafarnib  treatment  and  sustained 
for  up  Co  72  h  (Fig*  4C),  The  increase  of  p-Akt  was  not  observed 
in  other  cell  lines  treated  cither  with  IQ  JWM  Lonafarnib  for  48  li 
(Fig.  4B)  or  with  5  JiM  Lonafarnib  for  up  to  72  h  (If 1792  In 
(%  4C), 

The  PI3IC  Inhibitor  LY294U02  Enhances  Lonafarnib  s 
Apoptosis-Inducing  Effect.  To  further  demonstrate  the  role  of 
PI3K/Akt  in  Lonafarmb-mcdiated  growth  arrest  or  apoptosis  in 
human  NSCLC  cells*  we  examined  the  effect  of  Lonafarnib  on 
apoptosis  induction  in  rhe  presence  of  the  PBK  inhibitor 
LY294002  in  Hi  57  cells  that  express  p-Akc.  We  speculated  that 
suppression  of  Akt  activity  by  a  PI3K  inhibitor  would  enhance 
cell  sensitivity  to  Lonafarnib-iuduocd  apoptosis  if  PI3K/Akr 
activation  enhances  cdl  resistance  to  induction  of  apoptosis*  As 
expected*  LY294QG2  at  10  JlM  decreased  p-Akt  and  p-G$K-3p 
levels  (Fig*  5Aj  Jane  9  VS,  lane  I)*  indicating  that  it  inhibits  Akt 
activity.  In  the  presence  of  1 0  JlM  LY294009*  Lonaferuib  at  1  pM 
or  5  JlM  Failed  to  increase  p-Akt  and  p-GSK-3fi  (Fig,  5 A,  lanes 
6  and  7  vs.  lanes  2  and  3)*  bur  ir  at  10  pM  still  could  do  so 
(Fig,  5A*  lane  8  vs-  lane  5).  Accordingly*  the  combination  of  10 
J-lM  Lonafarnib  with  10  JiM  LY294002  did  not  further  increase 
DNA  fragmentation  (Fig.  5B)*  whereas  1  JlM  or  5  JlM 
Lonafarnib  in  combination  with  10  pM  LY2940G2  Exhibited 
augmented  induction  of  DNA  fragmentation  (Fig.  5B).  These 
results  ind Scute  that  suppression  of  Akt  activation  i ad  need  by 
Lonafarnib  augments  induction  of  apoptosis. 

Bovine  Serum  Albumin  (BSA)  Rescues  Cells  from  Apoptosis  Induced 
by  l  onafarnib  in  Low  Serum  Medium,  Low  scrum  culture  makes  cells 
undergo  apoptosis  upon  FTJ  treatment*  which  lias  been  demonstrated  to  be 
associated  with  inactivation  of  PI3K/Akt  pathway  hi  some  studies.1  Ii34  Our 
results  in  this  study  show  that  Lonafarnib  inhibits  the  growth  of  human 
NSCLC  cells  irrespective  of  Akt  activation.  One  possibility  is  that  the  pro¬ 
teins  in  serum  non-spedficaily  bind  to  Lonafarnib  and  thereby  may  mask  its 
dfcct  an  induction  of  apoptosis  by  reducing  its  cellular  bioavailability. 
Therefore*  we  examined  the  effect  of  BSA  (the  major  protein  in  serum)  on 
Lonafatnib'induccd  apoptosis  in  H1792  cells,  Lonafarnib  induced  a  dramat¬ 
ic  increase  in  thesub-Gj  population  (81,4%)  in  medium  containing  0.1% 
FBS  in  comparison  with  a  17%  increase  of  sub-G|  population  in  5%  FBS 
medium.  When  ceils  were  cultured  in  a  medium  In  which  5%  FBS  was 
replaced  with  0.15%  BSA  (approximately  equals  to  BSA  in  5%  FBS)* 
Lonafarnib  completely  lost  its  ability  to  induce  apoptosis  (Fig-  6A).  By 
measuring  DNA  fragmentation*  a  hallmark  of  apoptosis*  we  got  a  similar 
result  In  which  Lonafarnib  markedly  increased  level  of  DNA  fragments 
when  cells  were  cultured  in  0.1%  FBS  medium*  but  only  weakly  exert  such 
effect  in  medium  containing  either  5%  FBS  or  0. 15%  BSA  (Fig,  6B)-  Taken 
together*  these  results  indicate  that  low  serum  culture  condition  allows  cells 
uptake  more  Lonafarnib  resulting  in  enhanced  apoptosis-inducing  effect* 


DISCUSSION 

By  examining  rhe  effects  of  the  FTI  Lonafarnib  on  the  growth  of 
10  NSCLC  cell  lines,  we  have  demonstrated  that  this  agent  effectively 
inhibits  the  growth  of  NSCLC  cells  at  clinically  achievable  concen¬ 
trations*  It  is  worthy  pointing  out  that  the  growth  Inhibitory  effect 
of  Lonaferrrih  is  tim e-dependent*  In  our  in  vitro  study*  the  IC^s  of 
Lonafarnib  for  a  3-day  treatment  ranged  from  2. 1  JlM  to  9-8  p.M, 
which  were  shifted  to  a  range  from  0.14  jlM  to  3,12  pM  when  incu¬ 
bation  time  was  prolonged  for  five  days,  suggesting  that  continuous, 
prolonged  exposure  will  improve  its  efficacy  for  maximally  inhibiting 
the  growth  of  NSCLC  cells.  Cdl  cycle  and  apoptosis  analysis 
revealed  that  Lonalarnib  primarily  exerted  a  cytostatic  effect  in  the 
majority  of  NSCLC  cell  lines  by  arresting  cells  either  in  Gt  or  G2/M 
phase  under  normal  culture  condition  that  contained  5%  FBS,  In  a 
few  cdl  lines,  we  found  that  Loanfhrnih  was  cytotoxic  and  induced 
apoptosis  evidenced  by  increased  sub-Gl  population  and  PAR? 
cleavage.  In  agreement  with  previous  findings  with  other  cell 
types, ru  4  low  serum  culture  condition  made  NSCLC  cells  more 
sensitive  to  Lonafarmb-induccd  apoptosis  or  converted  Lonafarnib’s 
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Figure  4.  ConsfiiUjive  expression  of  p  Akt  ond  total  Akt  in  NSCLC  cell  lines  (A)  and  effect  of  Lonafarmb  on  their  expres¬ 
sion  (B  ond  Cj*  Whole-cell  protein  lysates  prepared  from  the  similar  densities  of  cell  lines  (A],  from  the  indicated  cell 
lines  treated  wiih  the  indicated  concen  Italians  of  Lonafarnib  for  48  h  (B)  or  from  the  indicated  cell  lines  treated  with 
5  pM  Lonafarnib  For  the  Indicated  times  fC]  were  subjected  to  Western  blot  analysis.  *,  unsfripped  band;  P,  positive 
control  lysates  prepared  from  HM35  human  NSCLC  cells* 


effect  against  the  growth  of  NSCLC]  cells  from  growth  arrest  to 
apoptosis  induction. 

PTIs  are  rationally  designed  agents  that  target  Ras  by  blocking  its 
activation.1,3^5  However,  increased  results  indicate  that  FTIs  exert 
their  antitumor  activity  independent  of  Ras  mutational  status,4,5*9 
Most  human  NSCLC  cell  lines  used  in  our  study  have  K-Ras  muta¬ 
tions.  However,  we  did  not  find  a  clear  association  between 
Lonafarnib^  potencies  on  growth  inhibition  and  Ras  mutational 
status*  In  fact,  Lonafarnib  effectively  inhibited  die  growth  of  these 
NSCLC  cell  fines  regardless  of  Ras  mutation,  albeit  with  varying 
degrees*  There  was  one  report  demonstrating  that  human  tumor  cell 
fines  with  wild- type  p53  show  enhanced  sensitivity  to  Lonafarnib 
treatment.34  In  our  study,  NSCLC  cell  lines  having  wild-type  p53 
did  not  exhibit  better  sensitivity  dian  others  with  mutant  p53  or 
without  p53  to  Lonafarnib,  indicating  that  Lonafarnib  inhibits  the 


growth  of  human  NSCLC  cells 
independent  of  p53  status, 
PI3K/Akt  is  one  of  the 
major  downstream  signaling 
pathways  of  Ras  oncoprotein 
and  plays  a  pivotal  role  in 
enhancing  cell  survival/*2  Its 
activation  often  confers  cell 
resistance  to  induction  of 
apoptosis  by  primarily  repress¬ 
ing  the  function  of  several 
proapoptotic  proteins  such  as 
caspase-9  and  Bad. 3  5 
Suppression  of  PBK/Akt  has 
been  proposed  to  be  a  mecha¬ 
nism  underlying  FTT- induced 
apoptosis  in  some  studies/ ^  3 
However,  there  are  other  studies 
that  did  not  demonstrate  the 
importance  of  H3K/Akt  in 
FTI-mediated  biological  func¬ 
tion/4,15,3^  Therefore,  even  if 
suppression  of  PI3K/Akt  by 
FTIs  occurs  in  some  cell  lines, 
its  role  in  FTl-mediatcd  bio¬ 
logical  function  may  not  be 
universal  and  is  likely  to  be  cell 
context-  or  cell  type-dependent. 
In  our  study*  the  basal  level  of 
p-Akt  in  the  majority  of 
human  NSCLC  cells  (nine  out 
of  ten  tested  cell  lines)  was 
either  undetectable  or  very  low. 
This  finding  appears  different 
from  a  previous  report  by 
Brognard  ct  al,37  in  which  they 
demonstrated  thai  human 
NSCLC  cell  fines  constitu lively 
express  active  Akt*  Because 
there  are  only  a  few  cell  lines 
aFe  same  in  both  studies*  it  is 
possible  that  expression  levels 
of  the  active  form  of  Akt 
(p-Akt)  are  cell  line-dependent* 
Nevertheless,  die  absence  or 
low  levels  of  p-Akt  in  the  majority  of  cell  lines  used  in  our  study 
suggest  that  the  PBK/Akt  pathway  may  not  be  a  critical  survival 
pathway,  at  least,  for  these  cell  lines. 

There  was  a  recent  study  demonstrating  that  Lonafarnib  suppresses 
p-Akt  level  by  promoting  degradation  of  total  Akt  protein  levels  in 
human  head  and  neck  cancer  cells.12  In  our  study,  the  majority  of 
NSCLC  cell  lines  const! tutively  expressed  Akt  detected  by  the 
Western  blotting.  However,  we  did  not  find  that  Lonafarnib  exerted 
any  effect  on  decreasing  either  total  Akt  or  p-Akt  level  in  any  tested 
cell  line,  even  at  up  to  10  jlM  or  after  a  longer  incubation  (48-72  h)* 
Unexpectedly*  Lonafarnib  in  fact  increased  p-Akt  level  in  Hi 57  cell 
line  that  con  so  tutivdy  expresses  relatively  high  level  of  p-Akt. 
Interestingly,  this  cell  fines  was  still  as  sensitive  as  others  to 
Lonafarnib  treatment  and  underwent  G^/M  arrest  upon  Lonafarnib 
treatment.  These  results  clearly  indicate  that  Lonafarnib  inhibits  the 
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growth  of  human  NSCLC  cells  independent;  of  Akt  downreguktion. 
In  Hi 57  cell  line  where  p-Akt  were  increased  by  Lonafarnib,  we 
found  that  the  PI3K  inhibitor  LY294002  at  10  |iM  abrogated  p-Akt 
Increase  induced  by  1  \iM  or  5  JiM  Lonafarnib  accompanied  with 
augmented  induction  of  apoptosis,  "lliis  result  suggests  that  die 
increase  of  p-Akt  by  Loanfarnib  blunts  its  effect  on  induction  of 
apoptosis.  Therefore,  overcome  of  Lonafamib-induced  p-Akt  by 
PI3K  or  Akt  inhibitors  should  be  3  good  strategy  to  increase 
lonafarnib's  efficacy  in  patients  with  NSCLC  where  p-Akt  may  be 
induced  during  treatment  with  Lonafarnib. 

It  is  known  that  PI3K/Akt  can  be  activated  in  cells  exposed  to 
growth  factor,  hormones,  or  extracellular  matrix  components ,3S 
Thus,  it  was  proposed  that  activation  of  PI3K/Akt  by  cytokines  and 
integrins  in  serum  masks  the  proapoptotic  effects  of  FTfs.11 
Therefore,  combination  of  a  FTI  with  a  PI3K  inhibitor  or  removal 
of  serum  was  shown  to  enhance  FTPs  effect  on  apoptosis  induction 
in  Ras- transformed  rat  fibroblasts*11  Since  our  data  do  not  support 
a  role  of  the  P)3K/Akt  pathway  in  Lonafarmb'mediated  growth 
arrest  or  apoptosis,  we  were  wondering  whether  BSA  might  interfere 
with  Lonafanibs  effect  through  reducing  its  intracellular  bio  avail¬ 
ability.  Indeed,  wc  found  that  simple  replacement  of  5%  PBS  with 
0,1 5%  BSA  in  culture  medium  completely  abolished  Lonafarnibs 
effect  on  apoptosis  induction,  indicating  that  BSA  alone  sufficiently 
rescues  cells  from  Lonafarnib-induced  apoptosis  that  occurs  in  low 
serum  medium.  Therefore,  we  believe  that  the  existence  of  BSA  in 
scrum  reduces  free  l^onafernib  concentration  that  can  enter  into  cells 
through  a  non-specific  binding  mechanism  and  dins  results  in 
decreased  biological  activity  of  Lonafarnib.  This  is  also  supported  by 
our  other  finding  that  Lonafarnib  at  high  concentration  (e*g,>  15  or 
20  |lM)  could  mimic  its  effect  in  low  serum  medium  to  induce 
apoptosis  instead  of  growth  arrest  (our  unpublished  data).  By  simply 
modulating  uptake  of  Lonafarnib,  wc  can  convert  Lonafarnib^ 
biological  effect  from  growth  arrest  (cytostatic)  to  apoptosis  induction 
(cytotoxic).  In  this  regard,  our  current  finding  may  have  clinical 
implication  for  improvement  of  its  efficacy 

In  summary,  we  have  demonstrated  that  Lonafarnib  effectively 
inhibits  the  growth  of  human  NSCLC  cells  via  either  growth  arrest 
or  induction  of  apoptosis,  which  is  independent  of  Ras  mutation 
and  Akt  inactivation.  Our  results  warrant  further  study  on  its  mech¬ 
anism  of  action,  which  may  be  critical  to  guide  rational  usage  of 
Lonafarnib  as  well  as  other  FTk  as  therapeutic  agent  either  alone  or 
in  combination  with  other  agents  for  therapy  of  NSCLC. 
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figure  6.  Addition  of  BSA  in  medium  rescues  cells  from 
Lonofornib-induced  apoptosis  as  evaluated  by  measuring  sub-G] 
population  (A)  and  DMA  Fragments  (B],  respectively.  HI  792  cells 
were  treated  with  10  pM  Lonafarnib  in  the  medium  containing 
5%  F8S,  0.1%  F&S,  or  0.15%  BSA  for  24  h  and  then  subjected 
to  flow  cytometric  analysis  (A)  and  ELISA  {B),  respectively.  Each 
column  in  B  represents  a  mean  ±  SD  of  triplicate  determinations. 
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Abstract 

FfJSl  is  a  novel  tumor  suppressor  gene  identified  in  the  human  chro¬ 
mosome  3p21,3  region  that  1$  deleted  in  many  cancers.  Using  surface* 
enhanced  laser  desarplian/ionizalion  mass  spectrum  elite  analysis  on  an 
smti-Fusi-antibody^aptiirc  ProtcinOnp  array,  we  identified  wild4ypc 
Fusl  as  an  N-myrisiOylfttcd  protein,  hi- myristoylation  is  a  protein  modi* 
fixation  process  in  which  a  14- carbon  myristoyl  group  is  cotranslat  ion  ally 
and  covalently  added  to  the  NHy terminal  glycine  residue  of  the  nascent 
polypeptide.  Loss  of  expression  or  a  defect  of  myristoylation  of  the  Fusl 
protein  was  observed  in  human  primary  lung  cancer  and  cancer  cell  lines. 
A  my  ristoyla! ion-dcficient  mutant  of  the  Fusl  protein  abrogated  its  ability 
to  inhibit  turn  or  cell -induced  clonogenlcity  in  vitro,  to  induce  apoptosis  in 
lung  tumor  cells,  and  to  suppress  the  growth  of  tumor  xenografts  and  lung 
me  las  lasts  in  vivo  and  rendered  it  susceptible  to  rapid  proieasomc- 
dependenf  degradation.  Our  results  show  (hut  myrisfoylaiiou  is  required 
for  Fu® Immediate d  tumor-suppressing  activity  and  suggest  a  novel  mech¬ 
anism  for  the  inactivation  of  tumor  suppressors  in  lung  cancer  and  a  role 
for  deficient  posttranslatiozm!  modification  in  tumor  suppressor-gcnc- 
medinied  carcinogenesis. 

Introduction 

Tumor  suppressor  genes  (TSGs)  play  a  major  role  in  the  pathogen¬ 
esis  of  human  lung  and  other  cancers.  Lung  cancer  cells  harbor 
mutations  and  deletions  in  multiple  known  oncogenes  and  TSGsj 
however,  genetic  alterations  and  allelic  losses  on  the  short  aim  of 
chromosome  3  am  among  the  most  frequent  and  earliest  cancer 
abnormalities  detected  in  the  pathogenesis  of  lung  cancers  and  have 
been  shown  lo  occur  in  96%  of  non-small  ceil  lung  cancers  (NSCLCs) 
and  in  78%  of  preneoplastic  lung  lesions  (1).  The  frequent  and  early 
loss  of  heterozygosity  and  the  overlapping  homozygous  deletions 
observed  in  the  3p21,3  region  in  luug  and  breast  cancers  suggest  a 
critical  role  of  one  or  more  3p2 1 .3  genes  as  "gatekeepers"  in  the 
moJecuinr  pathogenesis  of  these  cancers  (2,  3), 

The  novel  F  US  I TSG  is  one  of  the  candidate  TSGs  that  have  been 
identified  in  a  120-kb  homozygous  deletion  region  in  human  cluo- 
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mosome  3p21.3  (2*  4,  5).  The  cloned  cDNA  of  FUS1  (GenBank 
accession  no.  AF055479)  is  333  bp  in  length  and  encodes  a  protein  of 
1 10  amino  acid  residues  (big,  I  A),  However,  the  FUS1  gene  does  not 
show  homology  with  any  known  genes  and  proteins  in  databases.  We 
have  previously  demonstrated  that  exogenous  expression  of  the  wild- 
type  (wt)  FUSl  by  plasmid-  or  adenoviral  vector- mediated  gene 
transfer  significantly  inhibits  tumor  cell  growth  ,  induces  apoptosis* 
and  alters  cell  cycle  kinetics  in  3p21 ,3-deficierU  NSCLC  cells  in  vitro 
and  efficiently  suppresses  tumor  growth  and  inhibits  tumor  progres¬ 
sion  and  metastases  in  various  human  lung  cancer  xenograft  mouse 
models  (4-6),  However,  the  mechanisms  Involved  in  the  inactivation 
of  the  FUSI  gene  in  primary  human  cancels  and  in  FUSl -mediated 
tumor  suppression  remain  unknown.  On  ihe  basis  of  our  findings 
reported  here,  we  hypothesize  that  loss  of  expression,  haploinsuffi- 
ciency,  and  deficiency  of  post  translational  modification  of  FUs!  pro¬ 
tein  may  lead  to  loss  of  its  tumor-suppression  function  and  play  an 
important  role  in  lung  cancer  development. 

Materials  and  Methods 

Ceil  Lines  and  Cell  Culture.  The  human  NSCLC  cell  lines  A549,  NCI- 
H1299,  NO-H358,  NCI-H226,  NCI-H322,  and  NCI-H46G,  with  various 
3p21.3  and  p53  gene  status  as  described  previously  (7,  8),  and  a  normal  human 
lung  fibroblast  celt  line,  WI-38,  were  used  for  in  vitro  and  in  vivo  experiments. 
The  A549  line  was  maintained  in  Keith's  F12  medium  supplemented  with  10% 
PCS.  Ibe  HI 299,  H358,  H226,  H322,  and  H460  lines  were  maintained  in 
RPMI 1640  supplemented  with  10%  FCS  and  5%  glutamine.  Normal  fibtfOblasl 
WI-38  cells  were  cultured  in  MEM  supplemented  with  10%  ECS  and  5% 
glutamine. 

Tumor  Cril-Inductd  ClonogeuiciLy  Assay.  Tu  analyze  the  effect  of  myr- 
istoylation  of  Fusl  protein  on  tumor  cell-derived  clonqgenirity  in  vitro,  we 
transfected  H1299  cells  (I  X  1 05)  with  various  /TOV-expressing  and  control 
plasmid  vector  DNAs,  using  FUGEN  6  in  vitro  transfer  ion  reagent  (Roche 
Molecular  Biochemicals,  Indianapolis,  IN).  Four  ^g  of  each  cesl  plasmid  DNA 
were  calransfected  with  J  pg  of  the  neomycin-resistant  gene- containing 
pcDNA3.1  vector  (invitrogen,  Carl  a  bad,  CA);  the  pcDNA3,l  (1  /ig)  vector 
alone  and  Ihe  pcDNA3.1  plus  w[-p53  plasmid  were  used  as  negative  and. 
positive  coniroISp  respectively.  Twenty-four  h  after  transfection,  cells  were 
harvested,  stained  with  liypan  blue*  and  counted.  Five  thousand  cells  were 
replied  on  a  100- mm  tissue  culture  dish  in  triplicate  and  grown  in  5% 
fetal- bovlne-scrum-supplcmenred  RPMI  1640  containing  400  /Ag/ml  G4J8  for 
2-3  weeks.  The  numbers  of  G418-iesi  slant  colonics  were  counted  after  sLmri- 
iug  with  Crystal  Violet. 

ImmunoliLstochcrnkal  Analysis.  Samples  of  human  lung  tumor  and  par¬ 
allel  normal  tissues  were  obtained  from  patients  with  informed  consent  through 
the  Lung  SPORE  program  at  the  University  of  Texas  Southwestern  Medical 
Center  and  at  (lie  M.  D.  Anderson  Cancer  Center.  Expression  of  die  Fusl 
protein  in  tissue  samples  was  analyzed  by  i mmutiohLslucheinicaJ  staining  with 
fUili-Fusl  peptide  polyclonal  antibodies  and  a  VECTASTA1N  Elite  ABC  kit 
(Vector  Laboratories  Inc.,  Burlingame,  CA).  Briefly,  the  rabbit  anti-Fusl 
polyclonal  antibodies  used  for  imrmmohistochemical  staining,  raised  against  a 
synlhetic  oligopeptide  derived  from  NK^-terminal  amino  acid  sequence  of 
Fusl  protein,  were  affinity -purified  by  use  of  custom  immunochemlslry  ser- 
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vices  provided  by  Bcihyl  Laboratories,  Inc.  (Montgomery,  TX).  The  formalin- 
fixed,  paraffin- embedded  tissue  sections  were  incubated  with  horseradish 
pcroxidase-conjugaied  rabbit  miti-Fusl  antibodies  <0. 1  —2.0  /ig/ml  in  PB5- 
E  S  A) ,  and  i  m  mu  nosiain  ing  was  performed  wi  rh  the  VECT ASTA  IN  El  he  A  BC 
kit  according  to  manufacturer^  instruction.  Subsequently,  the  sections  were 
coimterstained  with  Harries  hematoxylin.  Samples  were  examined  under  a 
microscope,  and  immunohisto chemical  images  were  recorded  with  an 
equipped  digital  camera. 

Laser-Capture  Micro  dissection  (LCM)  and  Protein  Preparation  for 
Surface-Enhanced  Laser  Desorplion/Ionization  Mass  Spcclrometry 
(SELDI-MS)  Analysis.  Frozen  tissue  sections  were  rapidly  removed  from 
“80°C  storage  and  immersed  in  or  flooded  with  70%  alcohol  for  min, 
followed  by  H&E  staining.  The  tumor  cells  and  adjacent  normal  cells  were 
precisely  identified  by  microscopic  examination,  LCM  was  performed  with  the 
PixCell  LCM  microscope  (Arctums  Engineering,  Mountain  View,  CA).  Ap¬ 
proximately  500-1000  microdi&scded  ceils  were  then  transferred  to  a  thermo¬ 
plastic  film  mounted  on  optically  transparent  LCM  caps  and  incubated  with  50 
fx]  of  piotdu  lysis  buffer  containing  1%  NP4G,  0.5%  sodium  dcoxycholate, 
0,1%  SDS,  1%  DTT,  and  1 X  complete  protease  inhibitors  (Roche  Biochemi¬ 
sts)  in  PBS  on  ice  for  15  min.  Cell  samples  were  sonicated  in  a  Transsonic 
700/H  sonication  water  bath  (Lab- Line  Instruments,  Melrose  Park,  JL)  at  4*C 
for  3  min,  nnd  protein  lysate  was  cleared  by  centrifugation  for  5  min  at  13,000 
rpm  at  4*C.  The  protein  lysates  were  either  used  immediately  or  stored  at 
-SOX. 

Am ibody- Capture  ProtcinChip  Army  (AGFA)  with  SELDI-MS,  The 
endogenous  or  exogenous  wl-FusI  or  mutant  FusI  proteins  were  captured  with 
affinity-purified  rabbit  Fusl  polyclonal  antibodies  from  cultured  cells  or  LCM- 
separated  and  enriched  human  primary  lung  utmor  and  nonin volved  normal 
cells.  Five  p.1  (M0  ju,g)  of  proidn  lysate  were  spoiled  on  a  Fusl  antibody- 
coated  proaclivatcd  surface  (PS20)  ProtcinChip  array  and  analyzed  by 
SELDI-MS  in  the  presence  of  CHCA  matrix  solution;  both  internal  and 
external  standards  were  used  for  mass/charge  (m/z)  calibration  (Ciphcrgcn 
Hiosystems,  Fremont  CA).  AGFA  and  SliLUl-lime-of -flight  (TGF)-MS  anal¬ 
ysis  were  performed  according  to  I  he  manufacturer's  instructions  and  proce¬ 
dures  described  in  detail  elsewhere  (9-11). 

Animal  Studies.  All  animals  were  maintained  and  animal  experiments 
were  performed  under  NJH  and  institutional  guidelines  established  for  the 
Animal  Core  Facility  at  ihe  University  of  Texas  M,  D,  Anderson  Cancer 
Cenier.  Procedures  for  HI 299  s.c,  tumor  inoculations  in  mt/rm  mice  have  been 
described  previously  (fl).  When  tumors  reached  an  average  of  -0.5  cm  in 
diameter  (-2  weeks  after  tumor  inoculation),  A41-(23-dioleoyloxyl)propyl]- 
N. Nt tf-Trimel hy tammon iummethy  1  sulfate  cholestcroLcoinplexed  wi-FUSl  or 
myri  stoylati  on-m  u  taut  {myr-mtJ-FL'SJ  plasmid  vectors  { FUSI  lipoplex)  were 
injected  into  the  tumors  three  times  within  a  week  at  a  dose  of  25  jug  of 
plasmid  DNA  and  10  nmol  liposome/lumor  in  100  pi  of  5%  dextrose  in  water. 
PBS  and  hacZ  were  used  as  mock  and  negative  controls,  respectively.  Tumor 
sizes  were  measured  twice  a  week,  and  tumor  volume  was  calculated  using  ihe 
equation  V  (juju5)  =  a  X  \?i 2,  where  a  is  ihe  largest  diameter  and  b  is  the 
smallest  dimension. 

To  evaluate  the  effect  of  systemic  administration  of  FUSI  lipoplex  on 
development  of  A549  experimental  lung  mctastascs  in  nude  mice,  we  injected 
various  itpoplcxes  every  2  days  (three  limesAJay}  i.v.  into  all  animals  at  a  dose 
of  25  jug  of  plasmid  DNA  and  10  nmol  of  liposome  each  in  100  jal  of  5% 
dextrose  in  water  per  animal.  Each  treatment  group  consisted  of  10  animals. 
Lungs  were  harvested  2  weeks  after  the  last  injection,  and  memstniic  colonies 
oil  the  surfaces  of  lung  were  stained  with  Indian  Ink.  Tumor  colonies  on  lung 
surfaces  were  counted  under  a  dissecting  microscope  without  knowledge  of  the 
treatment  groups,  and  the  lung  tissues  were  sectioned  for  further  pathological 
and  immunohistochemicft]  analysis  and  for  in  situ  apoptosis  analysis  with 
terminal  dcoxy nucleotidyl  transferase  (Tdt) -mediated  nick  end  labeling 
(TUNEL)  staining  (Roche  Biochemical.) 

Results 

Loss  of  Expression  of  Fusl  Protein  in  Primary  Lung  Cancer 
and  Cancer  Cell  Lines*  In  a  previous  study,  we  examined  40  pri¬ 
mary  lung  cancers  and  found  that  mutation  of  the  FUSI  gene  was 
infrequent  and  that  there  were  only  a  few  nonsense  mutations  and  a 
COOH-terminal  deletion  mutation  that  arose  from  aberrant  inRNA 


splicing  (Fig.  1/1;  Ref.  5).  In  addition,  we  found  no  evidence  for  FUSI 
promoter  region  methy latino  (data  not  shown).  FUSI  expression  has 
been  detected  in  various  normal  human  tissues,  including  brain,  heart, 
pancreas,  prostate,  kidney,  and  lung,  based  on  quantification  of  ex¬ 
pressed  sequence  tags  in  Unigene  clusters,  as  summarized  in  Gene- 
Cards4  by  the  Crown  Human  Genomics  Center  and  Yetia  Research 
and  Development  Co.  Ltd.  (RehovoL,  Israel).  Although  endogenous 
Fu  si  protein  expression  could  be  detected  in  normal  human  bronchial 
epithelial  cells  and  fibroblast  cells  (WI-38)  by  immtmoblot  analysis 
and  FUSI  mRNA  transcription  could  be  seen  on  Northern  blots  of 
RNAs  prepared  from  lung  cancer  cell  lines,  we  could  not  detect 
endogenous  Fusl  protein  in  these  lung  cancer  cell  lines  on  immuito- 
blots  using  the  affinity-purified,  anti-Fus  l  peptide  antibodies  we  de¬ 
veloped  (Fig.  If?),  In  addition,  we  performed  mununohistochernical 
staining  on  a  set  of  paired  normal  lung  and  lung  cancer  tissue  sections 
(Fig.  I,  C-J),  We  found  that  normal  lung  epithelial  cells  express  Fusl 
(Fig,  1,  D-F)  but  that  many  lung  cancers  (15  of  20;  >70%;  Fig.  1, 
M-J)  did  not.  We  also  found  that  even  in  those  tumor  samples  with 
FusI -positive  staining,  the  staining  was  not  uniformly  detectable  in  all 
tumor  cells  (Fig,  IG).  On  the  basis  of  both  the  lung-cancer-growth- 
suppressing  properties  of  the  Fusl  protein  in  vitro  and  in  animal 
models  and  the  observed  loss  of  protein  expression  in  primary  tumors 
and  tumor-derived  cell  lines,  we  hypothesized  that  FUSI  would  have 
to  act  as  a  TSG  in  a  huploin sufficient  manner  (because  most  primary 
lung  cancers  experienced  allelic  loss  in  this  3p2L3  region;  Ref.  12) 
and  that  both  loss  of  expression  and  deficient  posttranslational  mod¬ 
ification  of  Fusl  protein  might  lead  to  loss  of  its  tumor  suppression 
function  and  to  lung  cancer  development. 

Identification  of  MyrisloyJ  Modification  of  Fusl  Protein,  To 
test  this  hypothesis,  we  first  performed  computer-based  homologous 
structure  modeling  and  functional  domain  prediction  of  Fhsl  protein 
to  assess  Its  biochemical  and  biophysical  properties  and  to  obtain 
possible  leads  to  Its  biological  function  (Fig,  M).  The  secondary 
protein  structure  prediction  indicated  that  Ihe  wt-Fusl  protein  is  a 
highly  hydrophobic  protein  with  extensive  helix- coil  domain  struc¬ 
tures  lacking  transmembrane  elements  (Fig,  1A),  Tlie  functional  do¬ 
mains  of  Fusl  protein  were  predicted  by  use  of  a  motif-based  profile 
scanning  program  (13)  and  showed  a  potential  myristoylation  site  at 
the  NH?  terminus,  a  protein  kinase  A  interaction  site,  an  A  kinase- 
anchoring  protein  interaction  (protein/protein)  site,  and  a  PDZ  class  II 
domain  (Fig.  1A).  From  these  analytical  comparisons  of  Fusl  protein 
structure  and  function,  we  predict  that  Fusl  is  a  myristoylated  member 
of  the  novel  cAMP- dependent  protein  kinase  A  and  A  kinase- anchor¬ 
ing  protein  families,  which  are  associated  with  many  cellular  pro¬ 
cesses,  including  transcription,  signal  transduction,  metabolism,  ion 
channel  regulation,  cell  cycle  progression,  and  apoptosis  (14,  15). 

To  verify  myristoylation  of  the  Fusl  protein,  we  constructed  a 
plasmid  vector  expressing  either  the  wi-FUSl  or  a  myristoylat ion- 
site- deficient  mutant  (myr-mt -FUSI)  in  which  ihe  predicted  myris- 
toyhlion  site  of  glycine  (GJ  was  replaced  with  an  alanine  (A^;  Fig. 

1  A)  by  site-directed  mutagenesis.  A  double-mutant  (dmt l-FUSJ)  in  the 
COOH-terminal  region,  in  which  two  highly  hydrophobic  isoleuchie 
residues  (Ia7  and  I9J)  were  replaced  with  two  neutral  and  rigid- 
conformation -promo  ting  proline  residues  (PS7  and  ?9l\  Fig.  1A),  was 
also  constructed  as  another  control  lo  confirm  the  biological  signifi¬ 
cance  and  specificity  of  the  myri  stoylat  ton-deficient  mutation  of  Fusl 
protein.  The  wt-Fusl-  and  mutant-Pusl -expressing  plasmid  vectors 
were  used  to  transfect  ImL -deficient  human  NSCLC  NCI-HI299 
cells.  The  ex  press  ion  and  posttranslational  modification  status  of  these 
wl  and  mutant  Fusl  proteins  were  analyzed  by  SELDI-TOF-MS  on  an 
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Fig.  J.  Predicted  secDrufiuy  stoic  lure  and  ftme- 
tioite]  domains  of  Fusi  protein  and  ils  axpiussion  in 
normal  lung  and  primary  lung  tumors  and  tumor- 
derived  cell  lines.  A,  predicted  secondary  structure 
and  functional  domains  of  wild-type  (iyv)-Pus  E  and 
Gdet-FusJ-  The  predicted  functional  elements  and 
domains,  including  n  potential  myristoylation  Stic, 
protein  kinase.  A  (P/fA)  targeting  site,  A  kinase 
anchoring  protein  (AKAF)  interface,  and  a  PDZ 
class  H  domain  are  indicated,  Mutant  myr-mt-Ftisl, 
in  which  the  codon  GGC  for  Gly2  was  changed  to 
GCC  for  AlaZk  and  double-mutant  DihI-FusI,  in 
which  codon  ATT  for  lleS7  and  ATG  for  lleg,  were 
changed  to  CCT  for  ProH7  and  CCC  for  Pro91l 
respectively,  were  constructed  hy  site-directed  mu¬ 
tagenesis.  C-dtI-Fwl  is  ft  lurnor-related  COOH- 
terminal  deletion  mutant  derived  by  abnormal 
mRNA  splicing,  13,  immtinobioi  analysis  of  endog¬ 
enous  Fbsl  protein  expression  in  normal  lung  fi¬ 
broblast  WP38  cells  grown  in  PBS  under  condi¬ 
tions  of  contact  inhibition  (Cf)  or  after  exposure  or 
the  cells  to  UV  irradiation  flOO  joules  for  5  min) 
and  in  non-small  cell  lung  cancer  (N$CLC)  cells. 
The  same  blots  were  also  probed  for  p-actin  to 
ensure  equal  loading,  C-J,  immunofluorescence 
image  analysis  in  vtl-FUSl -Iransfcctod  HI 299  cells 
with  FiTC-conjugoted  rabbit  niUi-Pns!  antibodies 
(€}and  imiminoliista  chemical  analysis  of  Pus  t  pro¬ 
tein  expression  in  normal  lung  cells  (D  and  J5J* 
bronchial  opithcliaL  ceils  (F),  and  primary  lung  lu- 
inor  cells  (G-J)  in  fonu aim-fixed,  paraffin-embed¬ 
ded  tissue  samples.  wt-Fusl  has  atypical  nutochon- 
tirWtndQptesfflic  reticulum  membrane  localization 
In  cytoplasm  (Q.  Expression  of  Ftisi  wus  detected 
in  cytoplasm  in  normal  lung  (f>  and  K)  and  bron¬ 
chial  cpiihdia  (F)\  Pus!  expresriuii  was  also  de- 
tecled  in  some  tumor  cells  in  one  primary  NSCLC 
(£?)  but  was  undetectable  in  other  primary  MSCLC 
cell  lines  (/f-7)  when  we  used  rabbit  anli-Fusl 
polyclonal  antibodies  at  a  J  :20GQ  dilution.  Magni¬ 
ficat  ions:  X400  (G);  XlOtiEHZKf,  H-J). 
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anti-Fusl  ACPA  (Ciphcrgeri  Biosystems,  Fremont,  CA;  Fig,  24).  The 
expressed  Fusi  proteins  in  transfected  H1299  cells  were  specifically 
captured  on  the  protein  chip  and  detected  in  the  SELD1-TOF-MS 
spectra  (Fig,  21),  but  no  protein  peaks  at  corresponding  mass  posi¬ 
tions  were  detected  in  the  spectra  with  an  anti-IG!F6  (a  protein  with 
encoding  gene  colocated  in  3p21.3  region  with  FUSI)  aruihody- 
coated  chip  as  a  nonspecific  control  (Fig.  25).  The  wt-Fusl  protein 
was  identified  as  a  myristoylated  protein  based  on  rhe  detected  mass 
of  the  captured  wt-Fusl  protein  (Fig,  2A),  which  showed  a  protein 
peak  with  a  m/z  ratio  of  12,174  ±  6,25  Da  compared  with  the 
predicted  mass  of  12,072,98  Da  for  the  nonmyristoylated  wt-FUsl  or 
12,174,2  Da  for  the  myristoyl-Fusl  protein,  Tlie  myristoylation-defi- 
cient  mutant  (12,024*6  Da)  and  the  CQOH-tenninal  deletion  mutant 
(8,783,5  Da)  of  Fusi  protein  were  also  captured  and  detected  on  the 
protein  array  by  SELDLMS  hy  comparing  them  with  their  calculated 
masses  (Fig.  2 A).  No  captured  Fus!  proteins  were  detected  in  either 
the  untransfccted  or  pZ^rcZ- transduced  cells  (Fig*  2A).  On  the  basis  of 
the  232-Da  mass  shift  between  tile  detected  myristoylated  Fusi 
(12,174  Da)  and  the  predicted  norimyristoylated  Fusi  protein  (11,942 
Da;  without  the  first  methionine  residue  because  the  methionine 
residue  is  removed  during  myristoylation),  we  predict  that  the  Fusi 
protein  is  acylated  at  the  G2  with  a  14- carbon  myristate  (C,4H3SOa; 


228.4  Da).  The  myristoylation  of  Fusi  protein  was  also  confirmed 
by  imniu noblot  analysis  and  immunoprecipitaikm  analysis  of  the 
14C-myristate4abeled  and  acyl&tcd  Fusi  protein  in  the  p FUSI- 
transfected  cells  (Fig,  2S). 

Defect  of  Myristoylation  of  Ftisl  Protein  in  Primary  Lung 
Cancer,  Because  mutation  of  FUSI  is  infrequent  and  no  evidence  has 
been  found  for  mclhylation  or  mutation  of  the  FUSI  promoter  region 
in  lung  cancers,  other  factors,  such  as  haploinsufficiency,  low  expres¬ 
sion,  abnormal  products  arising  from  aberrant  mRNA  splicing,  and 
posttranslation al  modification  of  Fusi,  may  play  important  roles  in 
lung  tumoxigenesis  (2,  3).  We  used  ACPA  analysis  with  SELDL 
TOF-MS  to  evaluate  the  protein  expression  and  myristoylation  status 
in  primary  lung  tumor  and  uninvolved  normal  lung  tissue  samples. 
Molecular  analysis  of  tumors  and  their  precursor  lesions  requires  the 
isolation  of  specific  cell  subpopulations  (normal,  pre neoplastic,  and 
tumors)  from  a  composite  background  of  multiple  cell  types  in  tumor 
tissue  biopsies*  Tills  was  accomplished  with  LCM  technology  (16). 
To  evaluate  Fusi  protein  expression  and  posttranslational  modifica¬ 
tions  in  1  hi  man  lung  tumors  and  nonin  volved  tissues,  we  used  LCM 
combined  with  appropriate  tissue  preparation  methods  to  separate  and 
enrich  tumor  or  nomnvolved  normal  cells,  and  die  resulting  separated 
cell  populations  (—500-1000  cells)  were  used  for  the  Fusi  “Specific 
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Fig.  %  Deletion  of  myri&toylniian  of  Pus  1  protein  by  surface-enhanced  laser  desOrpjiun/ioiuiraiioEi  [niic-of-fllght  mass  spectromeirie  analysis  on  an  anti-Fusl  antibody-capture 
ProteinChip  array  (ACPA).  A.  detection  of  FUsl  proteins  captured  on  [he  anii-FUst  anli  body -coaled  pneaclivated  surface  (PS  20)  chip  in  wild-type  (ir/  FUS1)  or  myriEtaylated 
milan l-FUSl  (Hryr-jntf/  FiiWj-coniainlne  plasmid- Iran  sfecied  if  1 299  cells,  Tho  myrisioylatcil  Fusl  proteins  are  delected  as  a  peak  with  a  mass  of  12.174  Dn,  and  ihe  nonmyristoylatcd 
Fusl  (mymutbFttsl)  is  detected  with  a  mass  of  12,024  Da  compared  with  the  calculated  masses  of  12,174  Da  fur  the  myrisloylated  wt-FusI  and  12,025  Da  fur  Ihe  myr-mgt-FhsI, 
respectively,  No  corresponding  proieins  were  delected  in  cither  PBS  mock  or  LacZ  control  ceils.  B,  ACPA  assay  wtlh  FS2Q  chips  coated  with  nonspecific  antibodies  (anti-  101F6)*  No 
Fusl  proteins  were  delected  in  these  mass  spectra  when  the  same  protein  lysates  as  in  A  were  applied.  C-tf.  detection  of  status  of  Fbsl  protein  expression  and  pustlranstalional 
modification  In  laser-capture  microdissecLion-ciifichcd  human  primary  lung  tumor  (T)  and  adjacent  noninvolvcd  normal  (AO  cells,  shown  as  representative  pairs  (pair  E  and  /''through 
pair  Q  and  R)  from  15  tissue  samples  tested  by  ACPA  assay  as  described  in  B ,  The  protein  lysates  prepared  from  wild-type  FVSl  [Wt-FUSl )■  {Q  or  myristoylated  mutant-EUS/ 
(Afyr-wAFf/Jil'transfoctcd  (/>)  Hi 299  Cells  were  used  as  positive  controls,  A  single  peak  of  myiutoylstcd  wL-Fusi  protein  with  a  mass  of  12,174  ±  5. 2  Da  was  delected  in  normal 
cdls,  whereas  (wo  peaks,  one  with  a  mass  of  12,174  Da,  corresponding  to  (he  mass  expecled  for  the  myristoylntcd  wt-Fusl  protein,  and!  another  with  a  mass  of  12,075  ±  8.5  Da, 
corresponding  lo  the  muss  of  the  nonmyristoylated  wi-Rtsl  protein,  were  delected  in  tumor  cdls.  In  some  minors,  these  peaks  were  not  detected,  S,  Western  blot  (W/t)  and 
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ACPA  analysis  by  SELDI-TOF-MS,  We  found  that  only  my  ristoy* 
lated  protein  species  could  he  detected  in  normal  cells  (13  of  15; 
P  —  0,0003,  nonparametric  2X2  contingency  table;  McNemar’s  x2, 
test)  but  that  both  the  nonmyristoy lated  and  my  ristoy  lated  Fusl  pro¬ 
tein  were  detected  in  tumor  cells  (5  of  15  samples;  P  =  0.0442)  as 
indicated  by  detection  of  a  peak  corresponding  to  the  Fusl  protein 
mass  on  the  mass  spectra  (Fig,  2 ,  C~-R).  In  some  tumor  samples  (7  of 
15  samples;  P  —  0.0030),  neither  form  of  the  Fusl  proteins  could  be 
captured  (Fig,  2,  4  M  F,  and  R)t  consistent  with  the  results  of  the 
immunohisEochemical  analyses  for  these  tumor  and  norma!  tissue 
samples.  The  remaining  three  samples  tested  were  unresol vable  be¬ 
cause  of  die  ambiguous  spectra  (spectra  not  shown).  The  difference  in 
the  observed  Fusl  protein  my  ristoy  lation  status  between  the  normal 
and  the  tumor  cell  populations  was  significant  as  indicated  by  a 
nonpaiametric  McNemar  marginal  homogeneity  test  for  the  equality 
of  categorical  responses  from  two  paired  and  dependent  populations 
(P  <  0.001), 

Protcasome-Dep  undent  Degradation  of  Nonmyrisfoylated  Fusl 
Protein.  To  explore  the  possible  mechanism(s)  for  the  involvement 
of  the  nornny  ristoy  luted  (or  demy  risLoy  lated)  Fusl  protein  and  tlte  loss 
of  its  expression  in  primary  lung  cancer,  we  evaluated  the  stability  of 


the  exogenously  expressed  wt-Fusl  and  myr-mt-Fusl  proteins  in 
H1299  cells.  We  found  that  the  duration  of  transient  expression  of 
myr-mt-Fusl  protein  was  much  shorter  than  that  of  wt-Fusl,  Myr-mt- 
Fusl  protein  expression  peaked  at  36  It  posttransfection  and  was 
almost  undetectable  after  60  h,  whereas  the  wt-Fusl  protein  was 
expressed  at  high  levels  beyond  60  h  posttransfection  (Fig.  27),  The 
half-life  of  the  myr-mt-Fusl  protein  was  shorter  than  that  of  wt-Fusl 
(~6  h  for  the  former  and  12  h  for  the  later),  as  shown  by  pulse-chase 
of  protein  synthesis  after  treatment  with  the  protein  synthesis  inhibitor 
cydobcximide  (Fig.  2  U).  These  results  suggest  that  non  my  ristoy  lated 
Fusl  protein  may  be  degraded  more  rapidly  dian  the  myristoy lated 
form,  Wo  therefore  investigated  the  effect  of  the  proteasome  inhibitor 
(17)  MG  132  on  degradation  of  Fusl  proteins.  We  found  that  the 
non  my  ristoy  lated  Fusl  protein  levels  increased  in  myt'-mt-FUSl- 
transfected  H1299  ceils  treated  with  various  concentrations  of  MG  132 
(Fig,  2V).  The  MGl32-induccd  recovery  of  the  myr-mt-Fusl  protein 
could  be  detected  at  a  very  low  level  (1  /ui;  Fig.  2V)  and  was 
independent  of  protein  synthesis,  as  demonstrated  by  significant  pro¬ 
tein  accumulation  on  treatment  with  10  p,M  of  MG  132  in  the  presence 
or  absence  of  the  protein  synthesis  inhibitor  cyclohex imide  (Fig,  2W), 
with  no  effect  shown  on  wt-Fusl  protein  under  the  same  experimental 
conditions  (Fig.  2  W),  These  results  suggest  that  my  ristoy  lation  may 
stabilize  Fusl  protein  and  that  demyristoy lation  may  lead  to  rapid 
degradation  of  Fusl  protein  tlirough  a  proteasoine-dcpendent  path¬ 
way. 

Disrupted  Subcellular  Localization  of  Myrisloylation-Deficient 
Mutant  of  Fusl  Protein.  One  potential  function  of  protein  my  ris¬ 
toy  la  lion  is  the  facilitation  of  efficient  interactions  with  cell  mem¬ 
branes  necessary  for  correct  subcell ular  localization  (IS— 20).  We 
therefore  analyzed  the  subcellular  localization  of  my  ristoy  1  at  ion- 
positive  wt-Fusl  and  the  myristoylation-deficient  mi-Fusl  proteins  in 
plasmid- transfected  HI 299  celts  by  immunofluorescence  image  anal¬ 
ysis  using  FITC-conj ugaled  anti -Fusl  antibodies  (Fig.  33,  A-D),  The 
myr-mt-Fusl  protein  tost  its  characteristic  intracellular  membrane 
localization  (Fig.  3,  C  and  D)t  suggesting  a  critical  role  for  myiistoy- 
Jation  in  the  cellular  localization  of  Fusl  protein. 

My  ristoy  lation  Is  Required  for  Fu$l-Mediated  Tumor- 
Suppressing  Activities  in  Vitro  and  in  Vivo .  To  evaluate  the  bio¬ 
logical  role  of  myristoy]  at  ion  in  Fusl  protein-mediated  tumor  sup¬ 
pression,  we  compared  the  clonogenicity  of  the  wt-Fusl-  and  myr- 
mt-Fusl -expressing  II 1299  cells  in  vitro  (Fig.  3,  G  and  //},  The 
exogenous  expression  of  both  the  FUSl  genes  and  proteins  in  these 
HI 299  b  ans  fee  tan  Ls  was  confirmed  by  reverse  transcription-PCR 
(Fig,  3 E)  and  by  Western  blot  (Fig,  3 F)  analysis,  respectively.  Sig¬ 
nificant  inhibition  of  clonogenicity  was  observed  in  myristoy  lated 
wt-Fu si -expressing  H1299  cells,  but  no  significant  growth  inhibition 
was  observed  in  myr-mt-Fusl-expressing  ceils  compared  with  the 
Fusl -nonexpressing  controls  (Fig.  3,  G  and  ft).  The  COGH-terminal 
double  mutation  of  Fusl  (drnt-Fusi),  which  was  theoretically  ex¬ 
pected  to  severely  alter  the  hydrophobic  and  conformational  proper¬ 
ties  in  this  region  of  Fusl  protein,  was  still  able  to  significantly  inhibit 
clonogenicity,  similar  to  the  effect  of  wt-Fusl  (Fig,  3,  G  and  H). 

We  evaluated  the  effects  of  wt-Fusl  and  myr-mt-Fusl  protein 
expression  on  tumor  growth  in  H1299  s.c.  tumor  xenografts  in  nufnu 


inmwnoprecipltalion  Western  bloi(/P-WB)  analyses  for  verification  of  myristcylation  of  Fvs\  proteins  In  H1299  Iransfeclanls,  HJ299  cells  were  transfected  with  eiiher  wild-type  FUSt 
{wl-FUSt)  or  myristoylai ion-detl dent  imutant-FUSl  Onyr-mt -FUSl)  plasmid  vectors  for  4£  h  and  then  incubated  with  14C-labeicd  myrisUc  acid  (MAt  American  Radiolabeled 
Chemicals,  SL  Louis,  MO)  In  a  final  concentration  of  5  jiCtfml  for  90  min,  Crude  protein  lysaie  (30  p.%)  was  loaded  in  each  lane  for  WB,  and  1-2  of  protein  lysate  with  1-2  /tg 
of  ami-Fusl  nnlibcdies  were  used  for  IP.  J  and  U ,  effect  of  myrlsloyl&Eron  on  Fusl  protein  synihesfe  and  stability  by  WE  analysis  dirring  a  60-h  lime  course  posltransfection  {T)  and 
with  a  3-h-lit(ervai  pulse  chase  after  treatment  With  50  of  protein  synthesis  inhibitor  cydobcximide  {cHA\  U)  in  wild-type-  FUSt  ( Wt-FUSI )  (tyt  panels)  or  myrialoylnl  ion-deficient 
□  [~FU$i  {Myr-n&FUSl)- transfected  (right  paiieh)  Hi  299  cells,  yand  W,  effect  of  proteasome  Inhibitor  MG  132  on  rfemyristoyladcn-incJuccd  degradalion  of  Fusl  proteins,  IT1299 
cells  were  transfected  with  vtt-FUSt  or  myc-ml-FUSJ  plasmid  DNAs  for  24  h  and  (hen  Eronied  wilh  DMSO  (Latie  0)  and  various  concentralions  (1-50  of  MG  132  (V),  or  were 
treated  with  10  /im  MG  132  in  the  presence  (+)  or  absence  (“)  of  50  cydoheximidc  (W).  Expression  of  Fusl  proteins  was  analyzed  by  WB  with  antf-FhsJ  antibodies.  These 
experhitenis  were  earned  at  least  twice  widi  duplicates  for  each. 
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transfected  with  eh  her  wild-type  Pus  1 'expressing 
(A  and  B)  or  myristuylaiian -deficient  mulanUFusl- 
expressing  (C  end  i>)  plasmid  vectors,  Fusl  pro¬ 
teins  were  probed  wjlh  BTC-conjugated  anti-Fus  I 
antibody  (green),  and  ihe  nucleus  was  plained  with 
Hotchsi  dye  (£/#?;  Sigma  Chemical  Co.*  St*  Lcmis, 
MO)-  E  and  F,  expression  of  Ftisl  genes  and  pro- 
terns  in  Hi 299  Iraitsfectanls  were  verified  by  re¬ 
verse  transcript  ion-FCR  (£)  and  by  Western  blot 
analysis  (F).  wt-FUSI,  wild-type  Fusl;  Myr-mt- 
FtJSI,  myristoyLattoii-dcficiciiL  umlaut- RjsI;  Omt* 
Fl/Sl,  double-muianc  Fils  I ;  GAPDHt  glyccraldc- 
hydt-3 -phosphate  dehydrogenase.  C  fluid  Ht  effect 
Of  myristoylalion  of  Fusl  protein  on  HjutlOt  cell- 
derived  cJonoficnicily  in  vitro.  HI  299  celts 
{1  X  IG^)  were  transfected  with  plasmid  DNAs  in 
vitro.  The  wiM-lype  (i vt-FUSl\  uiyristoylation- 
defident  mutant  (Myr-mt-FUSi)t  or  hydrophilic 
double  mutant  (dmt  f  US  1)  of  Fits  (  expressing 
plasmids  were  cotransfected  with  the  neomycin- 
resistant  gene-contuining  pcDNAH  vector;  tltc 
pcDNAS.I  vector  nlone  and  the  pcDNAlU  plus 
Wt-p53  plasmid  were  used  as  negative  and  positive 
controls,  respectively,  The  numbers  of  04 1 8  resist¬ 
ant  colonies  were  counted  after  gaining  with  Crys¬ 
tal  Violet  (G).  and  the  quantitative  analysis  is 
shown  in  fi.  The  experiment  were  repeated  at  lea  si 
three  times.  The  bars  represent  the  SD,  and  the 
differences  between  the  puDNA3+I  vector  alone 
and  each  tesling  oOdshUCt  was  analyzed  statisti¬ 
cally  by  two-tailed  Student's  /  test.  P  ^  0.05  is 
considered  significant. 
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mice  by  intratumoral  injection  of  tf-[l-(2,3-dioleoyIoxyl)propyl]- 
N,MN-trimethylamirionminiri  ethyl  sulfate- cholesterol  complexed 
with  either  wt -FUSI  or  myr-mt-WS/-exprcssing  plasmid  DNAs 
( FUSI  lipoplexes;  Ref,  21}  along  with  PBS  as  a  mock  control  and 
LacZ  plasmid  vector  as  a  negative  control  (Fig,  4A),  The  human 
N5CLC  xenograft  model,  DNA  lipoplex  preparation,  and  treatment 
procedures  wore  as  described  previously  (4, 6, 21),  Tumor  growth  was 
recorded  from  the  first  injection  until  31  days  after  the  last  injection. 
Tumor  volumes  were  normalised  by  calculating  the  percentage  in- 
crease  in  tumor  volume  after  treatment  relative  to  volume  at  the 
beginning  of  treatment  in  each  group.  All  of  the  tumors  treated  with 
w\-FUSI  showed  significantly  suppressed  growth  (F  <  0,001)  com¬ 
pared  with  mouse  groups  treated  with  PBS  or  pLacZ  controls 
(Fig.  4A).  However,  the  tumor-suppressing  activity  of  the  myristoy- 
Iati on-deficient  mutant  (myr-mt-f  f/57)  of  Fusl  protein  was  signifi¬ 
cantly  reduced  compared  with  wt-Fusl  (P  <  0.00 1),  although  it 
retained  a  small  inhibitory  effect  compared  with  the  PBS  and  pL^cZ 
controls  (Fig,  4A). 

We  also  evaluated  the  effect  of  the  myristoylation  of  Fusl  protein 
on  development  of  lung  metastases,  using  the  human  NSCLC  A549 
xenograft  metastasis  mouse  model  by  systemic  (lv.)  administration  of 
the  wt-FUSi  or  myr-mi-FUSi  lipoplexes  compared  with  PBS,  pLaeZ, 
and  the  lung  cancer-originated  COOH-terminal  deletion  mutant  of 
wl-FUSJ  and  dmt -FUSI  plasmid  vector  controls  (4,  6).  The  develop¬ 
ment  of  A549  pulmonary  metastasis  was  significantly  inhibited 
(F  <  0*001),  and  the  numbers  of  metastatic  tumor  colonies  found  on 
the  surfaces  of  lungs  from  mice  inoculated  with  A549  cells  were 
reduced  >85%  in  animals  treated  with  wt  -FUSI  compared  with  those 
in  control  treatment  groups  (Fig,  4 B).  However,  no  significant  reduc¬ 
tion  ( P  <  0,003)  of  metastasis  formation  was  observed  in  animals 


treated  with  myi-mt-FZ/jfff.  The  formation  of  metastases  was  signifi¬ 
cantly  reduced  (P  <  0.001)  in  animals  treated  with  dmt -FUSI  com¬ 
pared  with  those  controls  treated  with  either  PBS  or  LacZ t  but  the 
inhibitory  effect  was  weaker  than  that  observed  in  the  wt -FUS1- 
treated  group  (Fig.  4E),  The  size  of  any  remaining  metastatic  tumor 
nodules,  as  shown  in  H&E-staitied  sections  of  mouse  lung  tissues 
(Fig.  4Q,  was  reduced  in  animals  treated  with  wt -FUSJ  but  not  in 
those  treated  with  myr-mt- FUSI ,  compared  with  cither  PBS  or  L*jcZ- 
ireated  controls*  We  analyzed  the  induction  of  apoptosis  in  these 
Fusl -expressing  tumor  cells  by  in  situ  apoptosis  analysis  with  FI7C- 
dUTP-labeled  TUNEL  staining  (Roche  Biochemicals ;  Fig,  4,  D  J). 
Induction  of  apoptosis  was  detected  in  the  wt-Fusl -expressing  tumors 
(Fig.  4 B)  but  not  in  myr-mt-Fus  I -expressing  (Fig*  4 F)  or  PBS-I  routed 
(Fig.  4D)  tumors*  providing  direct  evidence  for  the  need  for  both  Fusl 
expression  and  myristoylation  in  Fusl -mediated  tumor  suppression 
and  apoptosis  in  vivo. 

Discussion 

Our  studies  present  the  first  evidence  supporting  the  biological 
importance  of  myristoyl  modification  of  a  TSG  product  and  warrant 
further  study  of  the  role  of  the  expression  and  posttranslatbnnl  mod* 
ification  of  Fbsl  protein  in  the  pathogenesis  of  lung  and  other  human 
cancers.  The  N-myristoyl  modification  of  proteins  is  achieved  by  a 
cotranslalional  linkage  of  my ri Stic  acid  via  an  amide  bond  to  the 
NH2Herminal  glycine  residues  of  a  variety  of  cellular  and  viral  pro¬ 
teins  in  eukaryotic  cells  (22).  Covalent  modification  of  proteins  by 
fatty  acids  such  as  myristate  and  palmitale  is  now  a  widely  recognized 
form  of  protein  modification,  and  — 100  proteins  are  known  to  be 
myristoylated  (18,  20).  N-Myristoyl  proteins  play  essential  roles  in 
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Big.  4.  Effect  of  myristoytation  of  Fusl  prolcin  <m  Fus  I -mediated  tumor-suppressing 
activity  hi  vivo ,  A.  effect  on  HI  299  human  tumor  xenograft  growth  in  uuda  mjco,  Human 
non-small  ceil  long  cancer  HI  299  ceils  were  Inoculated  s.c.  in  undo  mice.  When  the  minor 
reached  5-10  mm  in  diameter  (2  weeks  after  Eumgr  inoculation),  A-[l-(2,3-dio1cQyl- 
oxyl)propylj  N.A.M  [rimctbylamnitmmrmncthy]  sulfate- cholesterol -completed  wild- type 
FUSI  (wt-FUSI)  or  myristoy  lotion  deficient  FUSI  (myr-mt-FUSI)  plasmid  vectors 
(PUS  I  lipoplex)  wns  injected  into  the  tumors  three  times  within  I  week.  PBS  and  LacZ 
were  used  as  mock  ami  negative  controls,  respectively.  Results  are  reported  as  the 
mean  ±  SD  for  5—10  mice  in  each  treatment  grou[>.  Tumor  volumes  were  normalized  by 
the  percentage  increase,  of  tumor  siMB  after  treatment  relative  to  those  at  the  beginning  of 
the  treatment  in  each  group.  The  mean  tumor  volumes  ±  SB  {hats)  from  these  experi¬ 
ments  ore  shown.  A  NOVA  was  performed  to  determine  statistical  significance  between 
each  treatment  group,  using  Statistics  software  (StatSoft  Inc.,  This  a,  OK),  and  P  ^  0.05 
was  considered  significant  Bt  effect  of  systemic  administration  of  FUSI  lipoplcx  on 


diverse  biological  functions*  such  as  regulating  cellular  structure, 
directing  protein  intraudlular  localization*  mediating  protein-protein 
and  protein-substrate  interactions,  and  regulating  calcium  and  ion 
channel  activities  18-20,  22).  The  requirement  for  myristoylation  of 
the  viral  pGOsrc  protein  to  mediate  its  transforming  and  oncogenic 
properties  demonstrated  the  biological  importance  of  this  hydrophobic 
myrisloyl  moiety  (23),  Recent  genetic*  biochemical,  and  cell-biolog¬ 
ical  studies  have  provided  insight  into  the  molecular  mechanisms  of 
the  regulation  of  protein  myristoylation  and  explored  strategies  for 
modulating  this  process  in  vivo  for  therapeutic  applications  (18-20, 
22).  Our  present  evidence  that  primary  lung  cancer  are  deficient  for 
myristoylation  of  Fusl  protein  and  that  myristoylation  is  required  for 
Fusl -mediated  tumor  suppressor  activity  in  vitro  and  in  vivo  also 
indicates  the  cancer-preventive  and  therapeutic  potential  of  positively 
regulating  or  reactivating  myristoylation  for  Fusl. 

Although  the  mechanism  of  demyiisioylation  is  not  known,  demyr- 
istoylation  of  the  myristoylated  alanine-rich  C-kinase  substrate,  as 
shown  by  electrospray  mass  spectrometry  analyses  of  the  myristoy- 
lated  and  demyristoylated  forms  of  myristoylated  atanine^rich  C- 
kinase  substrate  proteins*  has  been  found  in  brain  (24),  and  the 
reduced  expression  of  myristoylated  alanine-rich  C-kinase  substrate 
has  been  reported  in  various  cell  lines  after  oncogenic  or  chemical 
transformation  and  in  melanoma  cells  compared  with  normal  choroi¬ 
dal  melanocytes  (25),  The  existence  of  a  non  myristoylated  pool  of  a 
G  protein  a.  subunit  (Gpalp)  in  yeast  has  also  been  reported,  and 
myristoylated  Gpalp  is  required  for  specific  targeting  of  the  protein  to 
the  plasma  membrane;  however,  it  is  not  clear  how  the  nonmyristoy- 
lated  proteins  are  generated  and  maintained  (20,  26).  Because  point 
mutations  of  FUSI  are  infrequent*  no  mutation  has  been  identified  in 
its  myristoylation  site*  and  no  evidence  of  epigenetic  DNA  methyla- 
tion  has  been  found  in  the  FUSI  promoter  region  in  lung  cancers,  the 
observed  reduced  or  lost  expression  and  the  deficient  myristoylation 
of  the  Fusl  proteins  in  primary  lung  tumor  cells  and  tumor-derived 
cell  lines  probably  results  from  a  deregulated  myristoylation  process 
or  the  accelerated  proteasome-dependeni  degradation  of  demyristoy- 
lated  Fusl  proteins. 

Because  most  lung  cancers  experience  allelic  loss  in  this  3p21,3 
region,  hap Joi insufficiency  may  play  a  critical  role  in  inactivation  of 
Fusl  protein  in  lung  cancer  (3),  In  a  diploid  organism,  each  gene 
exists  in  two  copies,  in  contrast  to  haploids,  in  which  each  cell 
contains  a  single  copy  of  the  genome.  When  one  of  the  alleles  is 
mutated  or  deleted,  there  is  an  —50%  reduction  in  the  level  of  proteins 


development  of  A3 49  experimental  lung  metutases  In  Rode  mice,  Alt  animals  received 
i.v.  injections  of  various  iipopiexcs  every  2  days  (three  times)  at  u  dose  of  25  £*£  of 
plasmid  DNA  ami  tO  nmol  of  liposome  each  in  1 00  /el  of  5%  dextrose  in  water  per  auiiiUil; 
PBS  alone  was  Used  as  «  mock  control  and  LacZ  ps  n  negative  control.  Each  treatment 
group  consisted  of  10  animals.  Lungs  were  harvested  2  weeks  after  the  lust  injection,  and 
metastatic  colonics  on  the  surfaces  of  lung  were  counted  without  knowledge  of  the 
treatment  groups.  Bars  represent  SB,  A  non  parametric  t  test  (Wald-Wolfowilz  runs  tc$0 
was  performed  to  determine  the-  statistic  at  significance  between  each  treatment  group, 
using  Statistics  software  (StatSoft  Tnc.X  and  P  ^  0,€5  was  considered  significant. 
Significant  inhibition  of  metastasis  development  was  observed  in  mice  treated  with 
wild  type  FUSI  ( wl-FUSt;  P  <  0.0QJ)  and  double-mulant-Ff/Si  LDmt-FUSI;  P  <  U.OOi) 
compared  with  mice  treated  with  PBS  or  LacZ,  but  there  wag  no  significant  inhibition  in 
mice  treated  with  LUj'risioylatLOn-deficreni  FUSI  (myr-mt-FUSI;  P  =  0.892).  The  repre¬ 
sentative  India  ins-stained  lungs  and  H&E-slnined  formalin-fixed,  para fim-eni bedded 
tissue  sections  In  each  treatment  group  are  shown  in  C.  The  white  spats  on  the  lung 
surfaces  indicate  the  metastatic  tumor  colonies.  £>-/,  induction,  of  apoptosis  by  wt-Fust 
expression  in  vivo.  The  A549  experimental  metastasis  tamor-bearing  mice  were  treated 
with  Fusl  lipoplcXCS  three  times  within  l  week  si  tire  same  dose  as  in  Bw  Forty-eight  h 
after  the  last  treatment,  animals  Were  hi  I  ted,  and  the  lungs  were  harvested  and  freshly 
frozen.  Induction  of  apoptosis  was  analyzed  using  an  in  sint  apoptosis  detection  kit  with 
FITC'dlFTP' labeled  EcmnioBl  dnoxy nucleotidyl  transferase  (Tdl)-mcdiated  nick  end  liibeh 
mg  reaction  (Roche  Bioclremicais),  and  florescence  images  were  examined  under  a 
fluorescence  microscope  and  recorded  with  an  equipped  digital  camera  (D  F),  Tumor 
morphology  is  shown  in  photographs  G-A  taken  at  the  same  positions  as  above  D-F  under 
ft  regular  optical  light  source.  The  hematoxylin -stained  tissues  from  the  same  samples  hut 
in  different  sections  were  shown  in  photographs  J-L 
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synthesized.  Generally ,  the  haploi  insufficiency  occurs  when  the  level 
of  proteins  synthesized  falls  below  a  threshold  level  and  is  insufficient 
for  the  onset  of  some  desired  biological  activity,  leading  to  specific 
types  of  diseases  or  pathological  changes.  In  our  case,  the  haplotype 
in  the  3p21.3  region  where  the  FUSI  gene  is  located  may  lead  to  a 
reduction  or  loss  of  FUSI  protein  synthesis  and  deficiency  of  myris* 
toylatlon,  thus  inactivating  FUSI  and  leading  to  the  development  of 
lung  cancer.  The  importance  of  TSG  haploin sufficiency  in  tumor  ceil 
biology  has  recently  drawn  increasing  attention,  and  it  may  have 
profound  effects  on  gene  transcription,  protein  expression,  pos trans¬ 
lations!  modification,  stability,  and  does- dependent  activity  of  TSGs 
because  of  the  resulting  decreased  genomic  stability,  unbalanced 
chromosomal  spatial  symmetry,  increased  susceptibility  to  stochastic 
delays  of  gene  initiation,  altered  transcriptional  and  translational  stoi¬ 
chiometry,  and  interrupted  gene  expression  (27-33).  Although  point 
mutations  are  rarely  found  in  3p21.3  genes  in  lung  and  other  cancers, 
the  accumulating  evidence  strongly  argues  that  the  extensive  genomic 
changes  (gains  or  losses  of  genetic  material)  collectively  known  as 
aneuploidy,  which  occurs  frequently  in  lung  cancer,  particularly  in 
adenocarcinoma,  may  collaborate  with  intragenic  mutations  during 
tumorigenesis  and  that  changes  in  gene  dosage  may  be  modulated  by 
the  presence  of  adjacent  genes  with  antagonistic  activities,  such  as 
growth  promotion  and  inhibition,  a  condition  referred  to  as  classic 
linkage  disequilibrium  (34).  These  observations  raise  Lhe  possibility 
that  aneuploidy  in  chromosome  3;  mutations  of  some  critical  check* 
point  genes,  such  as  pS3t  Rb ,  or  Ras\  and  inactivation  of  the  adjacent 
gatekeeper  genes,  such  as  PTPRG,  FHFT ,  or  VHL  in  the  3p  region  may 
influence  the  transcription,  translation,  and  posttmnslational  process¬ 
ing  of  loss  of  heterozygosity-associated  3p21.3  genes  such  as  FUSI  to 
permit  emergence  of  protumorigemc  gene  dosage  changes  or  gene 
product  inactivation  that  may  facilitate  early  tumor  development, 
inhibit  cell  proliferation,  and  induce  apoptosis, 

Our  findings  point  to  an  essential  role  for  protein  myristoyl alien  in 
human  cancer  pathogenesis  and  warrant  further  studies  of  alternative 
median  isms  involved  in  the  inactivation  of  novel  TSGs.  Our  results 
also  suggest  that  it  may  be  possible  to  prevent  and  delay  lumorigen- 
esis  by  neutralizing  the  effects  of  3p  haploinsufficiency  before  pro¬ 
gression  of  premalignarct  lesions  to  invasive  cancer  and  to  suppress 
tumor  growth  by  inducing  apoptosis  and  altering  cell  cycle  processes 
after  tumor  onset  through  wt -FUSI  gene  transfer. 
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Abstract 

The  transcript  levels  of  nucleotide  excision  repair  (NER) 
genes  were  shown  to  be  associated  with  risk  of  squamous  cell 
carcinomas  of  the  head  and  neck  (SCCHN).  However,  this 
association  may  be  biased,  because  the  transcript  level  does 
not  necessarily  reflect  the  level  of  protein  expression.  To 
address  this  issue,  we  did  a  pilot  study  to  test  the  hypothesis 
that  the  expression  of  six  core  NER  proteins  is  associated  with 
risk  of  SCCBN.  We  obtained  cultured  lymphocytes  from  57 
patients  with  newly  diagnosed  SCCHN  patients  and  63 
cancer-free  controls.  We  transfected  some  of  the  lymphocytes 
with  both  damaged  and  undamaged  plasmid  DNA  and 
quantified  NER  protein  levels  in  these  lymphocytes  using  a 
reverse-phase  protein  microarray*  The  relative  NER  protein 
levels  in  the  63  controls  were  highly  correlated  with  each 
other  (P  <  0,001  for  all)*  Compared  with  the  controls,  the  cases 
had  lower  expression  levels  for  all  the  NER  proteins, 
particularly  XPC  and  XPF,  which  were  reduced  by  about 


25%  (P  <  0*01),  When  we  used  the  median  expression  levels  of 
the  NER  proteins  in  the  controls  as  cutoff  values,  wc  found 
that  a  significantly  increased  risk  of  SCCHN  was  associated 
with  low  expression  of  XPA  [odds  ratio  (OR),  2,99;  95% 
confidence  interval  {Cl},  1*22-7,47],  XPC  (OR,  2,46;  95%  Cl, 
1*04-5,87),  XPD  (OR,  3*02;  95%  Cl,  1.18-7*76),  and  XPF 
(OR,  5,29;  95%  Cl,  2,01-13,9),  bnt  not  ERCCl  and  XEG,  after 
adjustment  for  age,  sex,  ethnicity,  smoking,  alcohol  use,  and 
sample  storage  time.  In  a  multivariate  logistic  regression 
model  that  included  all  covariates  and  NER  proteins, 
however,  only  low  expression  of  XPF  remained  a  significant 
risk  factor  for  SCCHN  (OR,  11.5;  95%  Cl,  2.32-56.6).  These 
results  suggest  that  XPF  may  be  a  crucial  rate-limiting  factor 
in  DNA  repair  and  that  the  reverse-protein  micro  array  assay 
may  be  a  useful  tool  for  measuring  protein  markers  of 
suscepti  bill  ty  to  ca  nee  r.  (Ca  ncer  Epidem  id  Biomarkers  Pre v 
2005;14{8):l%l-6) 


introduction 

Squamous  cell  carcinomas  of  the  head  and  neck  (SCCHN)  are 
common  malignancies,  with  >500,000  new  cases  worldwide 
estimated  each  year  (1),  In  the  U.S.  in  2004,  there  were  ~  37,200 
new  cases  of  and  11,000  deaths  from  SCCHN  (2).  Many  factors 
contribute  to  SCCHN,  including  tobacco  smoking  (3),  alcohol 
use  (4),  viral  infection  (5),  and  genetic  factors  (6).  Although 
smoking  and  alcohol  use  have  a  major  role  in  the  etiology  of 
SCCHN,  only  a  fraction  of  smokers  and  drinkers  develop 
SCCHN,  suggesting  in  ter  in  dividual  variations  in  genetic 
susceptibility  to  SCCHN  in  the  general  population. 

Cellular  DNA  is  constantly  damaged  by  various  endoge¬ 
nous  and  exogenous  agents,  including  the  recognized  DNA 
ad  duct -inducing  carcinogens  contained  in  tobacco  smoke. 
Sophisticated  DNA  repair  pathways  and  mechanisms  have 
evolved  to  maintain  genomic  integrity  after  insults  from 
environmental  hazards.  One  of  the  most  important  of  these 
DNA  repair  pathways  is  nucleotide  excision  repair  (NER; 
ref*  7)* 

A  number  of  crucial  proteins,  including  seven  core  factors 
(ERCCl,  XPA,  XPB,  XPC,  XPD,  XPF,  and  XPQ,  participate  in 
NER  (7).  Functional  mutations  in  any  one  of  the  seven  genes 
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encoding  these  core  factors  can  lead  to  abnormal  NER  and 
thereby  increase  susceptibility  to  cancer  (8)*  Several  rare 
syndromes  are  characterized  by  NER  deficiency  coupled  with 
high  sensitivity  to  UV  light  and  increased  risk  of  cancer  (9)* 
Patients  with  xeroderma  pigmentosum,  for  example,  have 
mutations  in  at  least  one  of  seven  NER  genes  and  are 
extremely  sensitive  to  sunlight-induced  skin  damage.  Conse¬ 
quently,  these  patients  have  very  high  incidences  of  non¬ 
melanoma  skin  cancer,  melanoma,  and  other  solid  tumors  (9)* 
In  previous  studies,  we  showed  that  an  increased  risk  of 
SCCHN  is  associated  with  reduced  DNA  repair  capacity,  as 
measured  by  the  host-cell  reactivation  assay  (10),  and  with 
reduced  levels  of  NER  mRNA  in  lymphocytes  (11).  However, 
the  transcript  levels  may  not  accurately  reflect  the  level 
expression  of  proteins  that  perform  the  repair  functions*  To 
test  the  hypothesis  that  reduced  expression  of  NER  proteins  is 
associated  with  increased  risk  of  SCCHN,  we  developed  a 
proteomic  microarray  assay  to  measure  NER  protein  expres¬ 
sion  in  lymphocytes  from  SCCHN  patients  and  canccr-fiee 
controls. 


Materials  and  Methods 

Sample  Procurement.  The  research  protocol  for  this  study 
as  a  part  of  an  ongoing  large  molecular  epidemiology  of 
SCCHN  was  approved  by  Ihc  Institutional  Review  Board  of 
The  University  of  Texas  M.D.  Anderson  Cancer  Center. 

We  used  previously  cryopreserved,  viable  peripheral  blood 
lymphocyte  samples  from  57  patients  in  an  ongoing  case- 
control  study  of  SCCHN.  The  sample  collection  started  in 
20QD  with  patients  who  had  newly  diagnosed,  untreated 
SCCHN,  that  was  histologically  confirmed  at  The  University 
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of  Texas  M.D.  Anderson  Cancer  Center.  The  63  cancer-free 
controls  were  frequency-matched  with  cases  on  age  (±5 
years),  *sox,  and  ethnicity  that  were  obtained  from  a 
structured  questionnaire. 

We  selected  those  subjects  whose  cryopreserved  samples 
contained  sufficient  lymphocytes  for  cell  culture  and 
subsequent  transfection  with  plasmid  DNA  damaged  by 
ben zo(rt) pyrene  did  epoxide,  a  tobacco  carcinogen  we 
previously  used  for  studying  host- cell  NER  DNA  repair 
capacity  as  measured  by  the  host-cell  reactivation  assay  (12). 
The  blood  sample  processing,  plasmid  preparation,  and 
transfection  have  been  described  in  detail  previously  (12)* 
Briefly,  lymphocytes  were  isolated  from  whole  peripheral 
blood  by  Hcoll  gradient  centrifugation,  cryopreserved  within 
24  hours  with  freezing  medium,  and  stored  in  a  -80oC 
freezer  in  1.5  ml  aliquots. 

Cell  Culture  and  Protein  Preparation.  The  cryopreserved 
cells  in  each  vial  were  quickly  thawed  and  mixed,  before 
the  last  trace  of  ice  disappeared,  with  6,5  mL  of  thawing 
medium  (50%  fetal  bovine  serum,  40%  RPMI  1640,  and  10% 
dextrose;  purchased  from  Sigma  Chemical,  St*  Louis,  MO)* 
This  thawing  method  ensured  a  cellular  viability  of  >80%,  as 
confirmed  by  exclusion  with  0,4%  trypan  blue  (Sigma).  After 
being  washed  with  the  thawing  medium,  the  cells  were 
incubated  in  RPMI  1640  (Life  Technologies,  Grand  Island, 
NY)  supplemented  with  20%  fetal  bovine  serum  (Life 
Technologies)  and  stimulated  with  56*25  pg/mL  phytohemag- 
glutkim  (Murex  Diagnostics,  Norcross,  GA)  at  37*C  for 
72  hours.  Only  stimulated  lymphocytes  were  expected  to 
uptake  the  plasmids  (13)  and  have  active  NER  (14, 15)* 

After  stimulation,  the  cells  (~1  X  1C6)  were  collected  and 
transfected  by  the  DEAE-dextran  (Pharmacia  Biotech,  Piscat- 
away,  NJ)  method  with  0*25  gg  of  untreated  plasmids  (as  the 
baseline  for  comparison)  or  benzo£rt)pyrene  did  epoxide - 
damaged  plasmids*  In  keeping  with  the  protocol  for  the  host¬ 
cell  reactivation  assay,  in  which  the  reactivation  of  the  report 
gene  is  measured  by  quantifying  the  enzyme  activity  (12).  The 
cells  were  collected  for  protein  extraction  40  hours  after  the 
transfections*  This  procedure  is  crucial  to  ensure  that  the 
repair  process  is  activated  by  the  presence  of  the  damaged 
plasmids,  which  served  as  the  substrate  for  the  NER  enzymes. 
Thirty  microliters  of  cell  suspension  (~  1  X  105  cells)  from 
each  patient  sample  was  mixed  with  10  gL  of  4x  SDS  sample 
buffer  containing  50  mmol/L  Tris-HCi  (pH  8.0),  150  mmol/L 
NaCl,  0.1%  SDS,  and  1%  Triton  X-100  supplemented  with  a 
protease  inhibitor  cocktail  (Roche  Applied  Science,  Indian¬ 
apolis,  IN),  The  cell  lysate  was  then  boiled  for  5  minutes  and 
stored  at  -80°C* 

Construction  of  Reverse-Protein  Microart  ays.  Proteins 
were  extracted  from  the  cells  and  were  used  to  construct  the 
microarrays.  The  extracted  protein  samples  were  serially 
diluted  1:1  with  PBS  (pH  7,5}  to  achieve  final  total  protein 
concentrations  ranging  from  1  to  0.C25  fig/gL  The  minimum 
detectable  total  protein  concentration  was  0*0525  gg/pL.  The 
serial  dilutions  were  applied  to  FAST  slides  (Schleicher  & 
Schuell  Bioscience,  Keene,  NH)  using  a  SpotBot  microarraycr 
(TeleChem  International,  Cupertino,  CA).  Each  sample  con¬ 
taining  the  antigens  (the  NER  proteins)  to  be  detected  was 
spotted  in  duplicate.  Prepared  slides  were  either  used 
immediately  or  stored  at  -2QPC. 

Quantitative  Analysis  of  Protein  Levels  Using  Reverse- 
Protein  Microarrays.  We  used  mouse  anti-human  monoclonal 
or  anti-goat  or  anti-rabbit  polyclonal  antibodies  against  XPD 
and  XPG  (Santa  Cruz  Biotechnology/  Santa  Cruz,  CA);  XPA, 
XPC/  and  XPF  (Abeam,  Cambridge,  MA);  ERCC1  (Nov us 
Biological,  Littleton,  CO);  and  (i-actin  (Sigma),  XPB  was  not 
assayed  because  no  commercially  available  antibodies  against 
XPB  were  specific  enough  for  tins  study* 


Briefly,  the  protein-spotted  slides  were  treated  with  Reblot 
(Chemicon,  Temecula,  CA)  for  15  minutes  and  then  washed 
twice  for  10  minutes  each  with  washing  buffer  containing 
300  mmol/L  NaCl,  0.1%  Tween  20,  and  50  mmol/L  Tris 
(pH  7,6)*  The  protein  arrays  were  then  blocked  with  I-Block 
(Applied  Biosystems,  Foster  City,  CA)  for  30  minutes  at  room 
temperature.  Hie  primary  antibodies  were  diluted  based  on 
their  affinities,  wliich  were  determined  in  our  preliminary  tests 
(data  not  shown}*  The  dilution  ratios  were  1:300  for  XPA  and 
ERCCl;  1:500  for  XPC,  XPD,  XPF,  and  XPG;  and  1:100,000  for 
p-actin*  The  arrays  were  Incubated  with  individual  antibodies 
for  1  hour  at  room  temperature.  The  anti-mouse,  anti-goat,  and 
anti-rabbit  secondary  antibodies  (Vector  Laboratories,  Burlin¬ 
game,  CA)  were  labeled  with  biotin,  diluted  1:10,000,  and 
added  to  the  slides,  which  were  then  incubated  at  room 
temperature  for  30  minutes*  Signals  were  enhanced  using  a 
catalyzed  signal  amplification  system  (DAKO,  Carpinteria, 
CA)  according  to  the  manufacturer's  protocol,  except  that  in 
the  final  step,  we  incubated  the  slides  with  Cy5-conjugated 
stieptavidin  (1:1,000;  Jackson  ImmunoResearch  Laboratories, 
West  Grove,  PA)  for  30  minutes.  After  each  incubation  step, 
the  arrays  were  washed  thrice  for  5  minutes  each  with  the 
washing  buffer  described  above* 

Signals  on  the  protein  miemarrays  were  scanned  on  a 
ScanArray  Lite  microarray  scanner  (Perkin-Elmer  Life  Scien¬ 
ces,  Boston,  MA).  The  signal  intensity  of  each  spot  and  its 
background  signal  were  analyzed  using  a  ScanArray  Express 
2*0  microarray  analysis  system  (Perkin-Elmer  Life  Sciences) 
running  the  "Run-easy  Quant""  protocol  The  final  data  were 
stored  as  graphic  images  for  further  analysis.  Any  scan- 
read  iug  value  <2,000  was  treated  as  missing  data.  The  median 
value  of  the  scan-reading  data  for  each  dot  of  a  protein  on 
the  micro  array  was  used  to  calculate  die  means  of  the 
duplicates.  Scan-reading  data  for  the  fi-actin  were  used  as  a 
baseline  to  obtain  the  relative  expression  levels  for  each 
protein.  The  coefficient  of  variation  (CV)  was  calculated  as 
[(SD  /  mean)  x  100]* 

Statistical  Analysis,  The  mean  signal  intensity  values  for 
the  cases  and  controls  for  each  NER  protein  were  compared 
with  Student's  t  test*  The  distribution  of  select  variables  of  the 
cases  and  controls  were  compared  with  the  x2  test  The 
correlation  between  the  expression  levels  of  different  proteins 
was  analyzed  by  the  Pearson  correlation  coefficient.  The 
median  protein  expression  for  the  controls  was  used  as  the 
cutoff  value  for  calculating  the  odds  ratios  (OR)  associated 
with  low  expression  and  their  95%  confidence  intervals  (Cl). 
Multivariate  logistic  regression  models  were  used  to  calculate 
the  adjusted  ORs  and  95%  CTs  wife  adjustment  for  age  (in 
years),  sex  (male  versus  female),  ethnicity  (non-Hispardc 
versus  others),  and  sample  storage  time  (in  months).  P  values 
<0,05  were  considered  statistically  significant.  All  statistical 
analyses  were  performed  with  SAS  software  version  8.0e  (SAS 
Institute,  Cary,  NC)* 

Results 

Protein  Micro  array  Data*  We  began  by  testing  the  reproduci¬ 
bility  and  linearity  of  the  reverse-protein  microarray  assay.  Pour 
samples  of  cell  extracts  from  four  controls  were  each  diluted  1:1 
five  times;  all  20  aliquots  were  spotted  in  triplicate  on  one  slide 
(a  total  of  60  spots).  We  made  feme  such  slides  for  each  sample 
and  probed  them  with  antibodies  to  XPA  and  XPF  (Pig.  1  A).  The 
expression  levels  of  XPA  and  XPP  were  linear  on  a  log  scale  at 
the  tested  total  prate  in  concentrations  between  1*0  and  0.0525 
gg/gL  (Table  1).  These  results  were  consistent  between  all 
samples  and  repeated  experiments  (Fig.  IB),  Based  on  the  CVs, 
however,  it  seemed  feat  the  reproducibility  of  the  results 
was  better  at  higher  protein  concentrations  (CV  as  low  as  0.8%) 
than  at  lower  concentrations  (CV  as  high  as  24.6%;  Table  1). 
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Figure  1  *  Reproducibility  and  linearity  of  reverse-protein  microarray  assay  data.  A,  Serial  dilutions  of  four  cell-extract  samples  (1/2, 3,  and  4)  were 
spotted  m  triplicate  and  probed  with  specific  antibodies  against  XPA  and  XPF,  Each  slide  was  tested  three  times  (repeats  1,2,  and  3),  The  statistical 
data  arc  summarized  in  Table  1.  B,  The  mean  intensities  of  the  spots  in  (Amt  in  arbitrary  units)  were  plotted  on  a  log  scale  against  the  number  of 
dilutions  of  the  cell  extract.  C  Reverse-protein  microarray  assay  of  expression  of  the  NER  proteins  ERCC1  >  XPA,  XPC,  XPD,  XPF,  and  XPG.  The 
level  of  p-actin  was  used  as  an  internal  control  for  standardization  of  the  expression  levels.  The  statistical  data  arc  summarized  in  Table  3- 
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Table  1,  Reproducibility  and  linearity  of  reverse-protein  microarray  data 

XPA  XPP 


Sample  1 


Total  protein  (^g/ pL) 

0.96 

0.48 

0.24 

0,12 

0.06 

0.96 

0.48 

0,24 

0.12 

0.06 

Signal  intensity 

RV 

51,787 

18,817 

8,025 

4,641 

2,375 

36,356 

16,923 

4,481 

2,369 

436 

(arbitrary  units) 

R2 

54,704 

15,702 

6,130 

3,418 

1,797 

32,925 

16,802 

5,574 

2,119 

476 

R3 

49,131 

15,106 

5,4  8  B 

3,263 

1,461 

30,030 

16,255 

4,969 

2,243 

553 

Mean  <SD)f 

51,874 

16342 

6,546 

3,774 

(755) 

20.1 

1,878 

33,104 

16,660 

(356) 

2.1 

5,008 

2,244 

488 

CV  (%) 

(2,788) 

5.4 

(1,993) 

12*1 

(1,319) 

20.2 

(462) 

24.6 

(3,167) 

9.6 

(548) 

10.9 

(125) 

5.6 

(60) 

12.2 

Sample  2 

Total  protein  (jig/i-iL) 

1 

03 

0.25 

0.125 

0.0625 

1 

0.5 

0,25 

0.125 

0.0625 

Signal  intensity 

R1 

46,645 

18,305 

5,724 

2,713 

1,354 

35,249 

15,373 

4,331 

1,054 

317 

(arbitrary  units) 

R2 

43,944 

13,908 

5,901 

2,513 

1,316 

37,172 

16,418 

4,774 

1,058 

294 

R3 

38,014 

14,368 

5,593 

2,118 

839 

33,349 

14,328 

4,826 

1,473 

258 

Mean  (SD)' 

42,868 

15,527 

5,739 

2,448 

1,170 

35,257 

15,373 

4,644 

1,195 

290 

CV  (%) 

(4,415) 

103 

(2,417) 

15.6 

(155) 

2.7 

(303) 

12.4 

(287) 

245 

(1,912) 

5.4 

(1,045) 

6.8 

(272) 

5.9 

(241) 

20.2 

(30) 

10.3 

Sample  3 

Total  protein  (pg/pL) 

0,88 

0,44 

0.22 

UJ1 

0.055 

0.88 

0,44 

0.22 

0,11 

0.055 

Signal  intensity 

R1 

58,360 

21,799 

8,297 

4,644 

2,511 

33,940 

17,236 

4,507 

U16 

374 

(arbitrary  units) 

R2 

58,553 

18,709 

5,316 

3,561 

1,947 

33,720 

15,223 

3,769 

U27 

385 

R3 

51,531 

17,762 

5,931 

3,306 

2,201 

32,877 

13,946 

3,776 

1,193 

321 

Mean  (SD)' 

56,150 

19,423 

6,515 

3,837 

2,220 

33,512 

15/470 

4,017 

1,279 

360 

CV  (%) 

(4,001) 

7.1 

(2,111) 

10.9 

(1,573) 

24.2 

(710) 

18.5 

(283) 

12.7 

(561) 

1.7 

(1,658) 

10.7 

(424) 

10.6 

(74) 

53 

(34) 

9.5 

Sample  4 

Total  protein  (ng/ pL) 

0.84 

0.42 

0.21 

GAGS 

0.0525 

0.84 

0.42 

0*21 

0,105 

0.0525 

Signal  intensity 

R1 

60,447 

22,560 

9,560 

4,214 

2,130 

35,167 

18,616 

6,519 

2,119 

538 

(arbitrary  unite) 

R2 

59,055 

16,333 

7,946 

3,163 

1,918 

34,935 

18,613 

6,584 

1,865 

538 

R3 

52,017 

15,913 

6,862 

2,828 

1314 

34,615 

18,931 

6,259 

2,428 

680 

Mean  (SD)r 

57,173 

18,269 

8,123 

3,402 

1,787 

34,906 

18,720 

6,454 

2,137 

585 

CV  (%) 

(4,519) 

7.9 

(3,722) 

20.4 

(1,358) 

16.7 

(723) 

21,3 

(423) 

23.7 

(277) 

0.8 

(182) 

1.0 

(172) 

2.7 

(282) 

13,2 

(82) 

14.0 

repeats  1  to  3, 

t Standard  deviation  of  the  three  experiment. 


We  next  diluted  each  of  the  120  test  samples  twice,  and  then 
spotted  them  on  the  arrays  Ln  duplicate  (Fig.  1C).  The  means  of 
the  duplicate  readings  were  used  to  calculate  the  relative 
protein  expression.  Because  of  mechanical  problems  during 
the  spotting,  some  protein  spots  were  unreadable  on  the 
arrays,  consequently,  valid  readings  could  not  be  obtained  for 
up  to  five  samples  per  protein.  Consistent  with  the  results  of 
our  reproducibility  and  linearity  tests,  the  readings  from  spots 
with  lower  protein  concentrations  had  greater  variation, 
whereas  the  spots  with  higher  protein  concentrations  pro¬ 
duced  consistent,  strong,  and  readable  signals.  We  therefore 
used  the  latter  data  (he.,  the  original  samples  without  dilution) 
to  calculate  the  relative  expression  levels. 

We  also  transfected  cells  from  these  samples  with  either 
undamaged  plasmids  or  benzo(a)pyrene  dtol  epoxide- 
damaged  plasmids  to  stimulate  DNA  repair  activity.  When 
we  compared  the  relative  expression  of  NER  proteins  between 
the  cases  and  controls,  we  found  that  the  data  from  the 
samples  transfected  with  damaged  plasmids  were  a  better 
predictor  of  risk  of  SCCHN  (data  not  shown),  although  the  two 
data  sets  were  statistically  correlated  (P  <0.01).  We  therefore 
used  data  derived  from  cells  transfected  with  damaged 
plasmids  in  the  following  experiments. 

Subject  Characteristics.  Our  analysis  included  57  patients 
with  newly  diagnosed  SCCHN  and  63  cancer-free  controls 
whose  cryop reserved  lymphocytes  were  available  for  culture, 
transfection,  and  protein  extraction.  The  cases  and  controls 
were  frequency-matched  on  age,  sex,  and  ethnicity.  The  cases 
were  slightly  younger  (56.2  versus  57.2  years)  and  comprised 
more  males  and  non-Hispanic  whites  than  did  the  controls,  but 
these  differences  were  not  statistically  significant  (Table  2). 


There  were  more  smokers  and  alcohol  drinkers  among  the 
cases  than  among  the  controls,  and  these  differences  were 
statistically  significant  (Table  2).  Because  the  cases  were 
recruited  before  the  controls,  the  duration  of  lymphocyte 
storage  was  also  significantly  different  between  the  two  groups 


Table  2.  Characteristics  SCCHN  patients  and  control 
subjects 


Variable 

Cases  (ji  -  57) 

No,  (%) 

Controls  (n  -  63) 

No.  (%) 

P* 

Age  (y) 

<55 

24  (42) 

25(40) 

>55 

33  (58) 

3S  (60) 

0.787 

Sex 

Male 

43  (75) 

39  (62) 

Female 

14  (25) 

24  (38) 

0.112 

Ethnic  group 

African-American 

3(5) 

3(5) 

Mex  lean -American 

3(5) 

4(6) 

Nun -Hispanic  White 

51  (90) 

56  (89) 

0.962 

Tobacco  use* 

Yes 

42  (74) 

31  (49) 

No 

15  (26) 

32  (51) 

0.006 

Alcohol  use1 

Yes 

43  (75) 

33  (52) 

No 

14  (25) 

30  (48) 

0.009 

'Calculated  using  two-sided  x?  test. 

rrhe  question  asked  was,  "Have  you  ever  smoked  nt  Jcast  100  cigarettes  in  your 
lifetime?" 

fThe  qunzaiiun  asked  was,  "Have  you  ever  drunk  alcoholic  beverages  at  least 
once  a  week  for  1  year  or  more?" 


Cancer  Epidemiol  Biomarkers  Prev  2005;  14(8).  August  2005 


Cancer  Epidemiology,  Blomarkers  &  Prevention  1965 


Table  3.  Relative  expression  of  NER  proteins  in  SCCHN  patients  and  controls 


n* 

Mean  ±  SD 

Cases 

Controls 

Difference  (%) 

PT 

Age  (y) 

57/63 

56.2  ±  9.7 

57.2  ±  9.5 

0.418 

Storage  time 

Relative  expression  (%)* 

57/63 

17.7  ±  11.7 

13.2  ±  63 

0.013 

ERCC1 

53/58 

1.369  ±  0.401 

1.696  ±  0.539 

”193 

<0.001 

XPA 

53/61 

0.363  ±  0.X11 

0.424  ±  0.160 

-14.4 

0.017 

XPC 

54/62 

1326  ±  0.650 

1.770  ±  0,923 

-25-1 

0.003 

XPD 

52/59 

0-947  ±  0343 

1.137  ±  0.584 

-193 

0,037 

XPF 

56/62 

0.966  ±  0.438 

1.297  ±  0,764 

-253 

0.004 

XPC 

55/60 

1.206  ±  0.453 

1,432  ±  0,623 

-153 

0.028 

•Number  oi  cases/ controls. 

JQdcuJuted  using  t^VQ^ided  Student's  l  test. 
JEk  preys  Son  level  relative  to  that  of  (J-actin. 


(Table  3).  We  further  adjusted  for  all  of  these  variables  in  the 
multivariate  logistic  regression  analysis. 

Difference  in  NER  Protein  Expression  between  the  Cases 
and  Controls,  We  used  Student's  t  test  to  evaluate  the 
differences  in  NER  protein  expression  between  the  cases  and 
controls.  The  expression  of  all  seven  NER  proteins  was 
significantly  lower  among  the  cases  than  among  the  controls 
(Table  3).  The  greatest  reduction  was  in  the  relative  expression 
of  XPC  and  XPF,  which  was  reduced  by  about  25%  in  the  cases 
compared  with  the  controls.  The  reduction  in  the  expression 
of  all  NER  proteins  may  reflect  their  association  with  repair 
activities,  in  which  certain  levels  of  proteins  need  to  be  present 
Correlative  analysis  revealed  that  the  relative  expression  levels 
of  these  NER  proteins  were  all  highly  correlated  (F  £  0.001)- 
For  example,  the  expression  of  XPC  was  correlated  with  that  of 
ERCC1  (r  -  0.706),  XPF  (r  -  0.505),  and  XPG  {r  =  0.715),  and  the 
expression  of  XPF  was  correlated  with  that  of  XPA  (r  =  0.695), 
XPD  (r  =  0.541},  and  XPG  (r  -  0,7&1),  This  led  us  to  investigate 
which  protein,  lias  the  most  significant  role  in  the  increased 
risk  of  SCCHN. 

Association  Between  NER  Protein  Expression  and  Risk  of 
SCCHN,  We  used  the  median  expression  level  in  the  control 
samples  as  the  cutoff  values  for  calculating  the  ORs  for  risk  of 
SCO  IN.  The  crude  OKs  for  low  compared  with  high 
expression  of  XPA,  XPC,  XPD,  XPF,  but  not  those  for  ERCC1 
and  XPG,  were  significantly  increased  (Table  4).  Hie  ORs 
remained  essentially  unchanged  after  adjustment  for  age,  sex, 
ethnicity,  smoking,  alcohol  use,  and  sample  storage  time.  The 
highest  adjusted  OR  was  for  XPF  (5,29;  95%  Cl,  2«  10-3*92} 
followed  by  XPD  and  XPA.  Because  the  relative  expression 


levels  of  these  NER  proteins  were  highly  correlated  with  each 
other,  the  relative  expression  levels  of  all  proteins  were 
simultaneously  adjusted  for  each  other  in  the  final  multivariate 
logistic  regression  model  containing  age,  sex,  ethnicity, 
smoking,  alcohol  use,  and  sample  storage  time.  The  only 
significant  adjusted  OR  was  for  XPF  (11.5;  95%  Cl,  2.32-56.6)  in 
the  presence  of  other  proteins  in  the  same  model  (Table  4}* 


Discussion 

Our  reverse-protein  microarray  assay  successfully  detected  the 
target  proteins  at  a  total  protein  concentration  as  low  as  0.0525 
jig/pL  However,  the  measurements  seemed  to  be  more 
reproducible  at  a  total  protein  concentration  ^0.5  jig/gL.  The 
cell  extract  from  "1  X  105  cells  (yielding  30  pL  of  sample) 
would  thus  be  sufficient  for  repeated  experiments,  because 
each  printed  spot  contained  only  0.0033  pL,  Using  this  assay, 
we  showed  that  the  relative  expression  levels  of  the  six  NER 
proteins  (ERGO,  XPA,  XPC,  XPD,  XPF,  and  XPG)  were 
consistently  significantly  lower  among  the  SCCHN  patients 
than  among  the  controls.  Four  of  the  six  NER  proteins  tested 
(XPA,  XPC,  XPD,  XPF)  were  associated  with  a  significantly 
Increased  risk  of  SCCHN. 

The  data  from  this  study  are  consistent  with  those  in  two  of 
our  previously  published  studies  (10, 11).  In  the  first  study,  we 
measured  DNA  repair  capacity  in  55  newly  diagnosed  SCCHN 
patients  and  61  controls  by  the  host-cell  reactivation  assay 
using  a  benzo(ff)pyrcne  diol  epoxide -damaged  reporter  gene 
(10).  The  mean  DNA  repair  capacity  in  that  study  was 
significantly  lower  in  the  cases  than  in  the  controls.  Those 


Table  4,  Estimation  of  SCCHN  risk  (OR  and  95%  Cl)  associated  with  expression  levels  of  NER  proteins 


Expression  level" 

Cases 

Controls 

Crude  OR 
(95%  Cl) 

Multivariate  adjusted’ 

OR  (95%  Cl) 

Multivariate  adjusted 
OR’  (95%  a) 

No.  (%) 

No.  {%) 

ERCC1 

high 

low 

17  (32) 

36  (68) 

29  (50) 

29  (50) 

2-12  (Q3S-4.59) 

2.13  (0.91-5.24) 

0+78  (0,21-2.85) 

XPA 

high 

low 

15  (28) 

38  (72) 

30  (49) 

31  (51) 

2.45  (1,12-5.35) 

2.99  (1.22-7.47) 

2.01  (0.57-7.14) 

XPC 

high 

low 

13  (24) 

41  (76) 

31  (50) 

31  (50) 

3.15  (1.42-7.01) 

2.46  (1.04-587) 

1.17  (0.31-4,41) 

XPD 

high 

low 

15  (29) 

37  (71) 

29  (49) 

30  (51) 

2.38  (1.39-5.24) 

3.02  (1.18-7.76) 

1.8B  (0.50-7.01) 

XPF 

high 

low 

13  (23) 
43(77) 

31  (50) 

3.31  (1.49-7353) 

5.29  (2.01-13.9) 

11.5  (2.32-56.6) 

XPG 

high 

low 

18  (33) 
37(67) 

30  (5oj 

30  (50) 

2.06  (0.96-4.38) 

1.56  (0.79-3.92) 

0.48  (0.13-1.74) 

■‘Dichotomized  based  on  median  values  of  control  subjects. 

t Obtained  from  logistic  regression  model  with  adjustment  for  age,  sex,  race,  smoking  status,  alcohol  use,  and  lymphocyte  storage  (ime. 
t Obtained  from  logistic  regression  model  with  adjustment  for  age,  sex,  race,  smoking  status,  alcohol  use,  lymphocytes. 
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with  DNA  repair  capacity  values  in  the  middle  and  lowest 
ter  tiles  had  >2-fold  and  4-fold  increased  SCCHN  risk, 
respectively,  compared  with  those  whose  DMA  repair  capacity 
vatuea  were  in  the  highest  (fertile.  In  the  subsequent  study,  we 
investigated  which  NER  genes  might  be  responsible  for  the 
reduced  DNA  repair  capacity  in  SCCHN.  We  previously 
measured  the  relative  expression  of  the  genes  encoding  five 
NER  proteins  (ERCC1,  XFB,  XPG,  CSB,  and  XPC)  by  a 
multiplex  RT-PCR  method  (11).  The  relative  mRNA  expression 
levels  of  ERCCl,  XPR,  XPG,  and  CS1J  were  significantly  lower 
in  the  cases  than  in  the  controls,  and  the  risk  of  SCCHN 
associated  with  low  expression  of  these  genes  was  higher  by 
2-  to  6-fold  (11).  In  that  study,  we  were  not  able  Lo  measure  the 
expression  of  XPA,  XPD,  or  XPF  because  the  sequences  of  the 
genes  were  unknown  at  that  time  and  the  high  level  of 
sequence  homology  in  the  genome  for  the  primers  chosen 
made  the  assays  unreliable. 

In  the  present  study,  simultaneous  adjustment  for  the 
expression  levels  of  all  proteins  and  other  confounding  factors 
revealed  that  the  relative  expression  level  of  XPF  was  the  only 
independent  risk  factor  for  SCCHN,  Low  compared  with  high 
expression  of  XPF  was  associated  with  an  SCCHN  risk  >  11- 
fold  higher.  Although  the  estimate  was  imprecise  as  evidenced 
by  the  wide  95%  Cl,  this  finding  suggests  that  XPF  may  play 
a  role  in  the  repair  of  carcinogen-damaged  DNA.  because 
ERCC1  needs  XPF  to  form  a  functional  complex  (7),  it  is 
possible  that  XPF  acts  as  a  rate-limiting  modulator.  Based  on 
our  data,  ERCCl  was  expressed  at  higher  levels  than  the  other 
five  proteins  were,  whereas  XPF  expression  was  <70%  of 
ERCCl  expression.  It  is  possible  that  our  system  was  saturated 
with  ERCCl  protein,  so  the  amount  of  XPF  became  crucial  for 
modulating  the  overall  DNA  repair  capacity. 

The  present  study  is  an  extension  of  our  previous  studies 
assessing  the  best  biomarkers  of  DNA  repair  capacity  for 
predicting  susceptibility  to  SCCHN.  In  the  present  study,  we 
measured  the  relative  expression  levels  of  six  of  the  seven  core 
NER  proteins  because  we  did  not  find  an  appropriate  antibody 
for  XPB,  Our  data  further  support  die  notion  that  altered 
NER  capacity,  at  the  cellular,  mRNA,  or  protein  levels, 
may  contribute  to  the  risk  of  tobacco-induced  SCCHN,  More 
important,  our  reverse-protein  microarray  assay  of  relative 
protein  expression  seemed  to  be  the  most  sensitive,  compared 
with  previously  reported  assays  of  cellular  DNA  repair 
capacity  and  the  mRNA  expression  levels  (10,  11).  Further 
studies  are  warranted  to  correlate  the  expression  of  these 
markers  in  surrogate  and  target  tissues  su dr  as  oral  epithelial 
cells. 

There  are  several  advantages  to  the  reverse-protein  micro- 
array  assay.  First,  compared  with  the  host-cell  reactivation 
assay  (12),  the  microarray  assay  requires  significantly  (3 -fold) 
fewer  viable  lymphocytes  for  protein  extraction.  Second, 
compared  with  the  RT-PCR  assay,  the  microarray  assay  is 
highly  sensitive  and  reproducible,  which  is  optimal  for  large- 
scale  screening,  Third,  the  microarray  assay  has  the  potential 
to  test  virtually  any  protein  involved  in  NER  or  other 
molecular  pathways  underlying  Increased  cancer  risk.  Finally, 
the  microarray  assay  is  rapid  and  cost-effective  and  produces  a 
large  quantity  of  data.  With  the  availability  of  antibodies  for 


specific  protein  post  translational  modifications,  the  microarray 
method  may  also  become  a  powerful  tool  to  assess  functional 
changes  in  proteins. 

Although  the  design  of  this  pilot  case-control  study  has 
inherent  limitations  of  recall  and  selection  biases,  the  reverse- 
protein  microarray  assay  may  be  a  powerful  tool  for  future 
prospective  studies  if  it  is  technically  fine-tuned  and  the 
sampling  issues  resolved  (16,  17).  For  instance,  future  studies 
must  address  the  differences  in  protein  concentrations  bet¬ 
ween  surrogate  and  target  tissues,  between  fresh  and  stored 
serum  samples,  and  before  and  after  cancer  diagnosis  and 
treatment.  An  improved  reverse-protein  microarray  assay 
should  become  a  useful  tool  for  future  hypo  thesis -driven 
molecular  epidemiologic  studies  of  cancer. 
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Building  a  comprehensive  quantitative  risk  assessment 
model  for  lung  cancer 

Carol  J.  Etzel,  Qing  Zhang,  Matthew  Schabath,  Qiong  Dong,  Xifeng  Wu, 

Qingyi  Wei,  Margaret  Spitz  and  Christopher  I.  Amos 

UT  M.  D.  Anderson  Cancer  Ctr.,  Houston,  TX 

Introduction:  Lung  cancer  (LC)  is  still  the  leading  cause  of  cancer  death  and  the  ability  to 
distinguish  individuals  (smokers  and  non-smokers)  at  high  risk  for  LC  has  significant 
preventive  implications.  High-risk  smoking  subgroups  could  be  targeted  for  intensive 
cessation  interventions  and  recruited  into  chemoprevention  and  specialized  screening 
trials.  The  goal  of  this  project  was  to  develop  a  comprehensive  LC  risk  assessment  model 
that  included  epidemiologic  and  nutritional  data  from  24  hour  food  frequency 
questionnaires  to  identify  such  high-rislc  groups.  Methods:  We  constructed  our  models 
from  data  derived  from  2768  Caucasian  LC  cases  (recruited  through  UT  MD  Anderson 
Cancer  Center)  and  controls  (recruited  from  a  multispecialty  physician  practice  and 
matched  on  age,  sex  and  smoking  status).  Models  were  constructed  for  never,  former  and 
current  smokers  using  multiple  logistic  regression.  We  also  completed  model  diagnostics 
including  identification  of  multi-collinearitics  and  model  goodness-of-fit.  Many  of  the 
nutritional  variants  were  highly  correlated  and  resulted  in  model  multi-collinearities. 
When  such  a  situation  occurred,  we  constructed  separate  models  for  the  correlated 
variants  and  compared  their  ROC  values. Results  and  Conclusions:  For  never  smokers,  the 
epidemiologic  model  included  second-hand  smoke  (ETS)  which  was  associated  with  a 
two-fold  risk  for  LC  (ROC=,581),  We  also  obtained  three  nutritional  models  with  similar 
yet  slightly  higher  ROC  scores  as  compared  to  the  epidemiologic  model:  ETS  and  daily 
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servings  of  vegetables  (ROC=  635),  ETS  and  provitamin  A  carotenoids  (ROC=  662)  and 
ETS  and  beta-Carotene  (RGC=  661).  For  former  smokers,  a  physician’s  diagnosis  of 
emphysema,  asbestos  exposure,  family  history  of  LC  and  years  since  smoking  cessation 
were  all  independently  associated  with  increased  risk  of  LC  while  hay  fever  was 
protective  (ROC=  671).  With  the  inclusion  of  nutritional  variants,  we  obtained  two 
subsequent  models,  one  including  number  of  different  sources  of  weekly  fat  intake  and 
daily  servings  of  vegetables  (ROC- 688)  and  the  other  including  amount  of  saturated  fat 
and  total  carotenoid  intake  (ROC-689).  For  current  smokers,  the  epidemiologic  model 
included  risk  factors  of  emphysema,  family  history  of  LC,  years  smoked  and  number  of 
cigarettes  smoked  per  day  while  hay  fever  was  protective  (ROC=.71 1).  The  nutritional 
model  for  current  smokers  also  included  number  of  different  sources  of  weekly  fat  intake 
and  daily  servings  of  vegetables  (ROC=  714).  These  results  show  that  LC  is  a  complex 
disease  with  varying  etiology  based  on  smoking  history;  hence,  the  development  of  risk 
models  must  account  for  smoking  history.  The  amount  of  increase  in  model  prediction 
afforded  by  the  inclusion  of  nutritional  variants  did  not  justify  the  time  and  expense  of 
collecting  such  data.  This  project  was  supported  by  NCI  grants  CA55769  and  CA093592 
(IC07)  and  DAMD 17-02- 1-07-06. 
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Introduction:  A  prior  history  of  certain  non-malignant  respiratory  diseases,  such  as 
emphysema,  increases  lung  cancer  (LC)  risk.  The  long-standing  inflammatory  reaction  in 
the  bronchi  is  accompanied  by  a  continual  cycle  of  injury  and  repair  and  therefore  could 
play  a  key  role  in  lung  carcinogenesis.  Because  of  a  higher  rate  of  cell  turnover,  the 
likelihood  increases  for  propagation  of  genetic  errors  and  subsequent  cancer 
development.  Therefore,  we  utilized  data  from  an  on-going  case-control  study  to  examine 
the  interplay  between  emphysema,  DNA  repair  capacity  (DRC),  and  inflammation- 
related  genotypes  for  risk  of  LC.  Methods:  We  compared  self-reported  histories  of 
emphysema  in  2,134  LC  cases  and  2,295  matched  healthy  controls  and  incorporated 
available  data  on  DRC  (measured  by  the  in  vitro  host  cell  reactivation  assay)  and  two 
biologically  relevant  polymorphic  genes  (matrix  metalloproteinase- 1  [MMP-1]  and 
myeloperoxidase  [MPO]).  Results:  As  previously  published,  cases  exhibited  a 
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significantly  lower  mean  DRC  compared  to  controls  (8.3  ±  2.8  versus  8.9  ±  3. 1;  P  <  .01); 
however,  there  was  no  difference  in  DRC  between  individuals  with  and  without 
emphysema.  When  DRC  was  dichotomized  on  the  median  value  in  controls,  individuals 
with  suboptimal  DRC  (<  median)  had  a  3-fold  (2.4  -3.6)  increased  risk  of  LC.  Overall,  a 
prior  history  of  emphysema  was  associated  with  1.5-fold  (1.3  -1.7)  increased  risk  of  LC, 
and  in  "heavy"  smokers  (>  40  pack-years)  this  risk  was  substantially  elevated  to  4.2  (3.1  - 
5.6).  On  stratified  analysis,  the  joint  effect  of  emphysema  and  suboptimal  DRC  yielded  a 
5.2-fold  (3.5  -7.9)  increased  risk.  In  a  three-way  joint  effects  analysis,  a  6.6-fold  (3.7  - 
1 1 .7)  increased  risk  was  noted  in  the  presence  of  emphysema,  heavy  smoking,  and 
efficient  DRC.  Yet,  the  risk  was  substantially  enhanced  among  emphysemics  with 
suboptimal  DRC  who  were  moderate  (OR  =  9. 1;  5.6  -14.9)  or  heavy  smokers  (OR  = 

11.6;  6.3  -21,4).  Next,  carriers  of  the  "adverse"  MPO  and  MMP-1  alleles  with  a  history 
of  emphysema  exhibited  4.9-fold  increased  risk  (2.8  -8.6),  which  was  also  modified  in 
separate  three-way  joint  effects  analysis  that  included  smoking  or  DRC.  Specifically, 
emphysema,  the  adverse  alleles,  and  heavy  smoking  resulted  in  a  5. 5 -fold  (2.5  -12.2)  risk 
for  LC,  while  emphysema,  the  adverse  alleles,  and  suboptimal  DRC  produced  a  8.0-fold 
(2.8  -23.3)  risk.  Conclusions:  Because  cancer  is  a  multifactorial  disease,  a  single  risk 
factor  may  have  only  a  small  effect  on  the  disease  phenotype.  However,  assessing 
multiple  risk  factors  including  relevant  susceptibility  markers,  history  of  respiratory 
conditions,  and  deleterious  exposures  may  reveal  a  more  accurate  representation  of  LC 
risk  and  help  in  the  identification  of  subgroups  that  are  at  the  greatest  risk  for  developing 
LC.  Funding  support  from  the  Flight  Attendant  Medical  Research  Institute,  grants  CA 
55769  and  CA  70907 from  the  MCI  and  DAMD1 7-02-1-0706 from  the  DOD. 
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The  nitrosamine  4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone  (NNIC)  is  a  potent 
inducer  of  lung  adenocarcinoma  through  the  formation  of  DNA  adducts,  especially  N7- 
guanine  lesions.  Our  previous  research  on  susceptibility  to  tobacco-induced 
carcinogenesis  has  focused  on  benzoj  a]pyrenc  diol  epoxide  (BPDE)  as  the  in  vitro 
mutagen  challenge  for  phenotype  assays  of  DNA  repair,  but  there  is  no  comparable  DNA 
repair  assay  for  NNK-induced  damage.  Thus,  we  have  developed  a  new  assay  to 
specifically  investigate  the  association  between  DNA  repair  capacity  (DRC)  of  NNK- 
induced  N7-guanine  damage  and  lung  adenocarcinoma  risk.  Since  NNK  and  its  precursor 
4-(acetoxy)-NNK  (NNKOAc)  did  not  induce  stable  DNA  damage  lesions,  we  created 
specific  damage  at  the  N7-site  of  guanine  in  DNA  of  a  pCMVluc  plasmid  by  introducing 
a  methyl  group  with  a  potent  methylating  agent  (DMS).  After  confirming  that  the 
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introduction  of  N7-mcthyl  guanine  did  not  alter  the  apparent  conformation  of  the  plasmid 
DNA,  we  established  damage-repair  dose-response  curves  in  three  lymphoblastoid  cell 
lines  known  to  be  either  nucleotide  excision  repair  proficient  or  deficient  and  in 
phytohemagglutinin  (PHA)-stimulated  normal  primary  lymphocytes.  After  establishing 
the  optimal  dose,  we  applied  this  assay  in  a  pilot  study  of  48  newly  diagnosed  lung 
adenocarcinoma  patients  and  45  controls  matched  on  age,  gender,  and  smoking  status  to 
test  the  hypothesis  that  lower  capacity  for  repair  of  the  N7-guanine  site-specific  lesion  is 
associated  with  increased  risk  of  lung  adenocarcinoma.  The  cases  exhibited  a  lower  mean 
DRC  than  did  the  controls.  A  nearly  three-fold  increased  risk  (odds  ratio  =  2.87;  95% 
confidence  interval  =  1 . 18  to  7.00)  was  found  in  those  who  exhibited  lower  DRC.  It  was 
more  pronounced  for  older  individuals  and  women.  There  was  no  correlation  between  the 
N7-guanine  site-specific  DRC  and  that  measured  in  parallel  with  the  BPDE  assay.  On 
analysis  of  the  joint  effects  of  the  two  assays,  the  risk  increased  to  more  than  1 1 -fold  for 
those  (24/48)  who  exhibited  suboptimal  repair  for  both  N 7-guanine  damage  and  BPDE 
damage.  We  did  not  explore  the  detailed  repair  mechanism  involved  in  this  new  assay  but 
only  indirectly  demonstrated  that  nucleotide  excision  repair  appeared  not  to  be  involved 
in  the  repair  ofN7-guanine  site-specific  damage  and  that  XRCCl-related  base  excision 
repair  could  play  a  partial  role  in  the  repair  process.  These  data  suggest  that  multiple 
mechanisms  may  be  responsible  for  the  repair  of  site- specific  N7-guanine  damage.  We 
conclude  that  variability  in  DRC  of  different  tobacco  mutagens  is  a  risk  factor  for  lung 
adenocarcinoma,  and  that  studying  both  repair  pathways  in  parallel  enhances  the 
precision  of  the  risk  estimate.  Our  results  provide  the  proof-of-principle  for  a  new  assay 
that  can  assess  the  DRC  for  NNK-induced  damage.  [Supported  by  CA  55769,  CA  70907, 
DMDD 17-02- 1-0706,  Flight  Attendant  Medical  Research  Institute,  ESI  1740  and 
CA  100264  [GenBank]  ] 
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apoptosis  and  cell  cycle  regulation,  respectively,  are  associated  with  poorer  survival  in  NSCLC  patients.  In 
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survival.  Results:  DAP  kinase  and  pi 6  methyiation  status  was  observed  in  36.3%  (97  of  267)  and  36.4%  (95 
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1,93%  <  5%  weight  foss.  Recurrent  NSCLC  and  death  occurred  in  21.3%  and  38%  of  cases,  respectively.  No 
significant  associations  were  observed  between  DAP  kinase  methyiation  status  and  subject  characteristics. 
P16  methyiation  was  associated  with  moderate/high  grade  (p  -  0*03).  A  higher  frequency  of  p16  methyiation 
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DNA  repair  and  cell  cycle  control  pathways  are  the  guardians  of  genomic  stability.  In  an 
ongoing  lung  cancer  case-control  study  of  1908  patients  and  1908  matched  controls,  we 
applied  pathway-based  genotypic  assays  and  two  phenotypic  assays  in  peripheral  blood 
lymphocytes  to  examine  whether  deficient  DNA  repair  capacity  and  aberrant  cell  cycle 
control  are  predisposing  factors  for  lung  cancer.  Among  23  SNPs  genotyped,  XPA  (A/G 
at  5'  UTR),  CCNH  (  ValHOAla),  p53  intron  6,  and  STK 15  (Phe3  Ule )  exhibited 
significant  main  effects  in  assessing  lung  cancer  risk.  Interestingly,  we  found  a  significant 
gene-dosage  effect:  as  the  number  of  unfavorable  genotypes  increased,  the  risk  increased 
with  a  risk  of  3.38  (1.78-6.41)  in  the  stratum  with  the  highest  number  of  adverse 
genotypes  (trend  test  P<0.0001).  Additionally,  we  found  a  significantly  increased  risk 
associated  with  an  increasing  number  of  putative  adverse  alleles  for  both  pathways.  This 
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observation  was  only  evident  in  ever  smokers  but  not  in  never  smokers.  For  example,  in 
ever  smokers,  for  the  cell  cycle  control  pathway,  compared  to  the  referent  group  with  <  1 
adverse  allele,  the  ORs  for  individuals  with  2,  3,  and  >4  adverse  alleles  were  1.61  (0.97- 
2.69),  1.66  (1.03-2.69),  and  1.71  (1.08-2.69),  respectively  (P  for  trend:  0.059).  We  also 
implemented  a  statistical  approach  to  cross  validate  these  observations  by  evaluating  the 
risk  associated  with  each  allele  in  half  of  the  data  and  validating  the  results  in  the  other 
half  set  We  cross-validated  10  randomly  selected  samples  from  the  original  data  set. 
Classification  and  regression  tree  analysis  enabled  us  to  identify  subsets  of  individuals 
with  high  or  low  cancer  risk,  based  on  distinct  combinations  of  SNPs.  We  used  comet 
assay  to  measure  DNA  damage/repair  and  found  that  the  mean  7-radiation-  and  BPDE- 
induced  tail  moments,  the  parameter  for  DNA  damage,  were  significantly  higher  in  the 
cases  (4.29  and  3.26,  respectively)  than  in  the  controls  (4.03  and  2,83,  respectively) 
(P0.001).  We  used  flow  cytometry  to  examine  cell  cycle  profiles  and  found  that  the 
mean  7-radiation-induced  cell  cycle  arrest  and  accumulation  in  S  and  G2  phases  were 
significantly  lower  in  the  cases  (26.98%  and  12.89%,  respectively)  than  in  the  controls 
(30.31%  and  13.87%,  respectively)  (P<0.001).  In  addition,  we  found  that  shorter  G2 
delay  was  associated  with  higher  levels  of  7-radiation-  and  BPDE-induced  damage.  We 
also  demonstrated  significant  correlation  between  the  number  of  unfavorable  NER 
genotypes  and  both  baseline  and  BPDE  induced  DNA  damage  in  the  controls.  Similarly, 
there  was  an  inverse  correlation  between  the  number  of  unfavorable  cell  cycle  genotypes 
and  G2  and  S  delay  length.  In  summary,  we  found  that  deficient  DNA  repair  capacity  and 
disruption  of  cell  cycle  checkpoints  assessed  by  either  genotype  or  phenotype  contribute 
to  elevated  lung  cancer  risk.  Supported  by  NCI  CA  55769,  CA  70907,  CA111646 
[GenBank] ,  DAMD17-02- 1-0706  and  Flight  Attendant  Medical  Research  Institute. 
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Increased  genetic  instability  as  unmasked  by  mutagen  sensitivity  has  been  shown  as  a 
promising  cancer  predisposition  factor.  This  study  consisted  of  977  lung  cancer  patients 
and  977  matched  controls  to  corroborate  the  role  of  mutagen  sensitivity  and  its 
interplay  with  selected  epidemiological  factors  in  modulating  lung  cancer  risk.  Mutagen 
sensitivity  was  quantified  by  measuring  chromatid  breaks  in  in  vitro  lymphocyte  cultures 
challenged  by  bleomycin  and  BPDE.  There  were  significant  differences  between  cases 
and  controls  for  bleomycin  sensitivity  (0.76  vs.  0.62,  JP<0.001)  and  BDPE  sensitivity 
(0.70  vs.  0.61,  PO.OOl).  Mutagen  sensitivity  showed  an  increasing  trend  with  age  in 
controls  (P=0.002).  Current  smokers  in  controls  exhibited  the  lowest  breaks  per  cell  as 
compared  to  former  and  never  smokers,  suggesting  DNA  damage  caused  by  tobacco 
carcinogens  may  stimulate  DNA  repair.  Interestingly,  controls  with  a  history  of 
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emphysema  showed  higher  sensitivity  than  those  who  had  no  emphysema  history  (0.72 
vs.  0.61,  P=0.02).  Likewise,  cases  with  a  history  of  hay  fever  showed  lower  sensitivity 
than  those  without  hay  fever  history  (0.65  vs.  0.72,  P=0.003).  High  mutagen  sensitivity 
was  associated  with  a  significant  2,29-fold  increased  risk  (95%  Cl:  1.72-3.04).  In  quartile 
analyses,  when  compared  to  the  first  quartile  with  lowest  sensitivity  to  mutagen,  the 
ORs  for  the  second,  third  and  fourth  quartilcs  were  1,63(95%  Cl:  1.03-2.57),  2.73  (95% 
Cl:  1.79-4.16),  and  3.25  (95%  Cl:  2.13-4.95),  respectively  (P  for  trend  <0.001).  We  then 
investigated  the  interaction  between  mutagen  sensitivity  and  a  panel  of  epidemiological 
factors,  which  had  significant  distribution  differences  between  cases  and  controls  (all 
P<0.01).  There  was  a  significant  interaction  between  mutagen  sensitivity  with  dietary 
folate  intake  (P  for  interaction=0.02)  and  wood  dust  exposure  (P  for  interaction=0.03). 
We  divided  subjects  into  four  categories  based  on  mutagen  sensitivity,  asbestos 
exposure,  history  of  emphysema,  and  wood  dust  exposure.  When  compared  with  the 
reference  group  without  those  risk  factors,  those  exposed  to  one,  two  and  three  or  more 
risk  factors  were  at  a  1.58-fold  (95%  Cl:  1.08-2.30),  3.60-fold  (95%  Cl:  2.33-5.55)  and 
13.97-fold  (95%  Cl:  4.85-45.39)  increased  risk  (P  for  trend  <0.001).  Finally,  the 
recursive  partitioning  procedure  further  identified  high  and  low  risk  groups.  In  ever 
smokers,  history  of  emphysema  was  the  most  important  predictor,  followed  by  mutagen 
sensitivity,  wood  dust  exposure,  family  history  of  lung  cancer,  history  of  hay  fever, 
family  history  of  smoking-related  cancer,  and  history  of  asbestos  exposure.  This  study 
strongly  supports  a  substantial  interplay  between  mutagen  sensitivity  and 
epidemiological  risk  factors  in  lung  cancer  development.  Supported  by  NCI  CA  55769, 
CA1 1 1646  [GenBank] ,  CA  70907,  DAMD17-02-1-0706  and  Flight  Attendant  Medical 
Research  Institute. 
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ATM  is  a  crucial  tumor  suppressor  gene  implicated  in  the  pathogenesis  of  Ataxia 
telangiectasia  (AT),  a  recessive  cancer-prone  disorder  characterized  by  extremely  high 
radiosensitivity.  Genetic  alterations  of  ATM  have  been  identified  in  a  variety  of  human 
cancers,  especially  breast  cancer.  However,  the  role  of  common  A  TM  polymorphisms  in 
lung  cancer  risk  has  largely  been  unexplored.  We  employed  a  strategy  of  combining 
algorithm  and  literature  to  select  1 1  ATM  haplotype-tagging  SNPs  (htSNPs)  in  a 
frequency-matched  case-control  study  in  Caucasians  patients  with  non-small  cell  lung 
cancer  (NSCLC)  (eases,  n  =  556;  controls,  n  =  556).  A  high  degree  of  linkage 
disequilibrium  (LD)  was  observed  across  the  gene.  When  the  homozygous  wild-type  plus 
heterozygous  genotypes  were  used  as  the  reference  group,  the  homozygous  mutant  of 
either  rsl70548  or  rs227060  was  associated  with  elevated  NSCLC  risk  (OR:  1.51;  95% 
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CT:  0.99-2.31  or  OR:  1.55;  95%  Cl:  1.02-2.35,  respectively).  Elevated  risks  were  more 
evident  in  men,  in  young  onset  patients  and  in  former  smokers.  We  then  evaluated 
genotype-phenotype  correlations  using  two  phenotypic  assays,  the  comet  assay  for  DNA 
damage  and  flow  cytometry  for  cell  cycle  arrest.  Lymphoblastoid  cell  lines  from 
homozygote  mutant  carriers  of  either  of  the  two  SNPs  exhibited  significantly  increased 
DNA  damage  as  evidenced  by  a  higher  mean  value  of  the  radiation-induced  olive  tail 
moment  in  the  comet  assay  (rsl70548:  5.14  ±  0.75  vj.  3.79  ±  0.16,  P  —  0.01;  rs227060: 
4.86  ±  0.73  vs,  3.79  ±  0. 15 ,P  =  0,04),  and  reduced  cell  cycle  arrest  shown  as  lower  S 
phase  population  by  flow  cytometry  (rsl70548:  24.21  %  ±  3.16%  vs.  3 1.21%  ±  0.87%,  P 
=  0.02;  rs227060:  24.78%  ±  2.99%  vj.  31.35%  ±  0.86%,  P  =  0.03),  when  compared  to 
individuals  with  at  least  one  wild  type  allele.  Haplotypes  and  diplotypes  of  ATM  were 
estimated  using  a  Bayesian  algorithm.  H5  haplotype  was  significantly  associated  with 
reduced  NSCLC  risk  in  former  smokers  (OR:  0.47,  95%  Cl:  0.22-0,99)  compared  with 
the  most  common  HI  haplotype.  Diplotype  analysis  showed  that,  compared  to  the  most 
common  H1-H2  diplotype,  H2-H2  (OR:  1.58;  95%  Cl:  0.99-2.54)  and  H3-H4  (OR:  2.29; 
95%  Cl:  1.05-5.00)  diplotypes  were  associated  with  an  increased  NSCLC  risk.  Overall, 
our  study  presents  the  first  epidemiologic  evidence  that  A  TM  genetic  polymorphisms,  as 
well  as  haplotypes  and  diplotypes,  are  associated  with  increased  risk  of  NSCLC,  and  that 
the  causal  variant  alleles  conferring  the  risk  might  act  through  down-regulating  the 
functions  of  ATM  in  DNA  repair  activation  and  cell  cycle  checkpoint  maintenance. 
Supported  by  NCI  CA  1 11646,  CA  55769 ,  CA  70907,  DAMD1 7-02-1-0706  and  Flight 
Attendant  Medical  Research  Institute, 
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Lung  cancer  is  the  leading  cause  of  death  among  all  cancers  in  the  United  States.  The 
prognosis  is  poor,  with  less  than  15%  of  patients  surviving  5  years  after  diagnosis,  and  is 
strongly  correlated  with  the  stage  of  the  disease  at  the  time  of  diagnosis.  Therefore,  the 
development  of  molecular  markers  that  identi  fy  early  stages  of  cancer  is  critically  needed. 
It  has  been  generally  accepted  that  squamous  cell  carcinoma  is  the  consequence  of  the 
malignant  progression  of  normal  epithelium  to  squamous  metaplasia,  dysplasia, 
carcinoma  in  situ,  and  invasive  carcinoma.  To  identify  molecular  markers  that  identify 
premalignant  lesions  in  the  early  stage  of  lung  carcinogenesis,  apical  surface  fluid  (ASF) 
from  the  squamous  metaplasia  was  analyzed  by  a  2-dimensional  polyacrylamide  gel 
electrophoresis  (2D-PAGB)  method  with  early-passage  normal  human  tracheobronchial 
epithelial  cells  (NHTBE)  using  a  3-dimensional  organotypic  culture  method  known  as  the 


http://www.aaciTneetingabstracts.org/cgi/content/abstract/2005A/728-c 


9/25/2006 


Identification  of  markers  for  squamous  metaplasia  of  bronchial  epithelial  cells  —  Kim  et  aL  2005  (1):  72*  Page  2  of  2 


air-liquid  interface  (AL1)  in  defined  serum- free  media  supplemented  with  growth  factors 
and  hormones.  Under  these  conditions,  the  ability  of  these  cells  to  differentiate  into 
mucous  and  ciliated  cells  is  maintained  under  retinoic  acid  containing  media.  These  cells 
also  differentiated  into  squamous  metaplasia  when  they  were  maintained  in  retinoic  acid- 
deficient  media.  Total,  174  protein  spots  were  detected  as  unique  proteins  in  the  ASF 
from  metaplastic  squamous  NHTBE  cell  cultures  when  compared  to  mucociliary 
differentiated  NHTBE  cells.  Among  them,  25-well  separated  protein  spots  were  analyzed 
by  liquid  chromatography-tandem  mass  spectrometry  (LC-MS/MS).  The  identified 
protein  includes  SCCA1,  SCCA2,  Annexin  1,  Annexin  2,  S100A8,  and  S100A9.  Further 
dot  blot  analysis  using  die  ASF  from  squamous  and  mucous  NHTBE  verified  the 
presence  of  the  identified  proteins  in  the  ASF  from  the  squamous  NHTBE  cells  but  not  in 
the  ASF  from  mucous  NHTBE  cells.  Moreover,  several  squamous  cell  carcinoma  but  not 
adenocarcinoma  cell  lines  expressed  SCCA1  and  SCCA2.  These  results  suggest  that 
expression  of  SCCA1  and  SCCA2  in  early  abnormal  changes  in  epithelial  cells  was 
retained  during  progression  of  squamous  cell  carcinoma  and  that  these  protein  may  hold 
promise  as  potential  biomarkers  for  early  detection  of  squamous  cell  carcinoma  in  the 
lung.  Supported  by  Department  of  Defense,  TARGET  Grant:  DAMD 17-02- 1-0706 
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Lung  cancer  is  the  leading  cause  of  cancer  death  in  the  United  States,  The  severe 
morbidity  and  mortality  from  lung  cancer  have  not  been  reduced  and  the  discouraging 
<15%  overall  5-year  survival  rate,  has  not  been  improved  despite  advancements  in 
treatment  modalities,  For  this  reason,  the  identification  of  novel  approaches  to  the 
prevention  and  treatment  of  lung  cancer  are  urgently  needed.  Loss  of  expression  of  tumor 
suppressor  genes  is  one  of  the  hallmarks  of  cancer  development.  It  occurs  after  loss  of 
heterozygosity  and  mutations  in  tumor  suppressor  genes.  In  addition,  epigenetic  silencing 
of  such  genes  can  occur  by  aberrant  methylation  of  CpG  islands  in  gene  promoter  regions 
and  by  changes  in  chromatin  structure  resulting  from  alterations  in  histone  acetylation 
state.  Nucleosomes  containing  unacetylated  positively  charged  histones  bind  tightly  to 
DNA  producing  a  compact  configuration,  which  inhibits  transcription.  A  recent  approach 
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to  reverse  the  silencing  of  genes  has  been  the  use  of  the  DNA  methylation  inhibitor,  5- 
aza-2’-deoxycytidine  (5-AZA-CdR),  and  the  histone  deacetylasc  inhibitor  suberoylanilide 
hydroxamic  acid  (SAHA).  Each  of  these  agents  can  reactivate  the  expression  of  certain 
silenced  genes.  The  objective  of  this  study  was  to  determine  combination  of  these  agents, 
can  enhance  their  antitumor  activity.  We  examined  the  ability  of  different  concentrations 
of  5-AZA-CdR  alone,  SAHA  alone  and  their  combinations  to  induce  growth  inhibition  in 
non-small  cell  lung  cancer  cell  lines  NCI-H460,  NCI-H157,  NCI-H1792,  SK-MES-1,  as 
well  as  in  immortalized  bronchial  epithelial  cells  BEAS-2B  and  1799,  transformed  1198 
cells,  and  tumorigenic  1 1701  cells.  We  also  compared  the  response  of  the  premalignant 
and  malignant  cells  with  the  responses  of  normal  bronchial  epithelial  cells  (NHBE)  and 
small  airway  epithelial  cells  (SAEC).  We  used  the  sulforhodamine  B  assay  to  detect 
inhibition  of  cell  growth.  We  found  that  in  most  cells  tested,  5-AZA-CdR  and  SAHA  in 
combination  produced  a  greater  inhibition  of  cell  growth  than  either  agent  alone.  These 
results  provide  a  rationale  to  investigate  the  combination  of  5-AZA-CdR  and  SAHA  in 
animal  models  and  eventually  in  patients  with  lung  cancer.  Supported  by  the  Samuel 
Waxman  Foundation’s  David  Workman  Award  and  by  a  Department  of  Army  Grant, 
DAMD 17-02- 1-0706. 
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Histone  deacetylase  (HD AC)  inhibitors  are  compounds  that  increase  acetylation  level  of 
core  nucleosomal  histones,  thereby  relaxing  the  structure  of  chromatin  associated  with 
genes  involved  in  cell  growth,  differentiation  and  apoptosis,  allowing  these  genes  to  be 
expressed.  Many  HDAC  inhibitors  can  suppress  tumor  growth  in  vivo.  Valproic  acid 
(VP A),  a  commonly  used  anti-seizure  medication,  is  also  a  HDAC  inhibitor.  To 
determine  whether  VPA  has  potential  clinical  applications  for  chemoprevention  and 
therapy  in  patients  with  head  and  neck  squamous  cell  carcinoma  (HNSCC),  we  analyzed 
the  effect  of  VPA  on  growth  and  apoptosis  in  nine  HNSCC  cell  lines.  VPA  suppressed 
the  growth  of  all  nine  cell  lines  with  IC  50  ranging  from  1.73  mM  to  15.17  mM  after  a  3- 
day  treatment.  Subsequent  study  focused  on  the  most  sensitive  cell  line,  17B.  Cell  cycle 
analysis  revealed  an  increased  percentage  of  cells  in  G1  alter  16  hrs  incubation  with  VPA 
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in  a  dose-dependent  manner.  TUNEL  assay  demonstrated  that  a  16-hr  exposure  to  VPA 
at  concentrations  of  2.5,  5  and  10  mM  resulted  in  15%,  22.1%  and  37.5%  apoptotic  cells, 
respectively.  Western  blot  analysis  showed  that  VPA  indeed  increased  nuclear  content  of 
acetylated  histones.  To  further  investigate  the  mechanisms  underlying  the  effect  of 
growth  inhibition  and  apoptosis  induction  of  VPA,  Northern  and  Western  blot  analyses 
were  performed  to  study  the  expression  of  key  genes  in  growth  arrest  and  apoptosis 
pathways.  The  levels  of  p53  mRNA  and  protein  decreased,  while  the  levels  of  p21WAFl 
increased  after  treatment  with  VPA,  suggesting  that  VPA  exerted  the  growth  inhibition 
effect  through  a  p21  -dependent,  but  p53-independent  pathway.  The  protein  levels  of  pro- 
caspases  2,  3,  6  and  9  decreased,  accompanied  by  simultaneous  increased  levels  of 
cleaved  caspases  3  and  9,  and  cleaved  PARP.  Addition  of  a  caspase  inhibitor  Z-VAD- 
FMKto  VPA-treated  17B  cells  abolished  VPA-induced  apoptosis,  indicating  that  VPA 
induced  apoptosis  through  a  cascade  of  caspases.  VPA  treatment  did  not  change  the 
protein  levels  of  Fas,  Bax,  Bcl-2  or  caspase  8.  Together,  our  data  suggest  that  Valproic 
acid  has  growth  inhibitory  and  apoptosis-inducing  activity  in  HNSCC  cells  in  vitro  and 
should  be  further  investigated  for  therapeutic  use  in  patients  with  this  malignancy. 
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V  ..  ^ijn^cytcs  (NHGK)  and  its  immortalized  derivative  expressing  ho  man  pap- 
t.y[?  e jruS  type  16  E6E7  oncoproteins  (HGK16E6E7).  Gdectin-7  was  down- 
^ated  more  ^  fold  in  immortalized  HOK16E6E7  compared  to  NHOK, 
fBuT th  em  Hot  con  finned  the  array  results  In  addition,  golegtin-7  was  not  present  in 
d  aild  neck  squamous  cell  carcinoma,  The  expression  of  galectin-7  level 

also  increased  dong  with  increasing  passage  of  NHOK.  Tdomerase  activity 
' showed  that  there  was  a  decrease  in  later  passage  of  NHOK.  Inhibition  of 
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jSjA{siRNA)  kads  to  extended  cellular  life  span.  Gvercxpression  of  galcctin-7  in 
w,s  cc|l  carcinoma,  SCC4  and  SCC9,  appear  to  increase  apoptosis,  These 
’  I  uipi^skiI  that  galectin-7  may  play  a  role  in  tumor  suppressor  function  in  oral 
I  ratmocytes.  This  work1  was  supported  by  NIH/NIDCR  K23  DE00430  and 
^^uWcMl  P20RR1I145* 

- 

1  :  ^  |Q{jQ  proh  ibltm,  a  potent  lal  tumor  s  upp  ressor  for  prostate  cancer.  Shankar 
Tjpadctth  and  Earth  a  Banerjec.  Department  of  Cell  Biology,  Georgetown  University 
tftdkAl  Center,  Washington,  DC. 

To  control  growth  of  prostate  cancer  in  men  there  is  an  urge  nr  need  to  under- 
(}lc  fu  netbn  of  genes  that  a  re  i  nvolved  i  n  negative  co  n  £  rol  of  cell  proli  fetation, 
Prohibitln  is  an  intracellular  protein  iliac  has  an  anri-prollferativc  activity  in  differ- 
t  zril  Up  till  now*  there  is  no  report  about  prohibiting  role  In  prostate 

cancer.  In  this  study,  we  examined  the  relative  levels  oF prohibitln  in  normal  human 
piosote  and  prostate  cancer  tissues.  Out  results  show  that  im  mu  noscaining  inten¬ 
tly  of  prohibit  in  is  much  higher  in  normal  prostate  compared  to  the  prostate 
tjn^er.  Prohibit  in  is  predominantly  expressed  in  the  epithelial  cells  in  both  normal 
and  prostate  cancer  tissues.  Human  prostate  cancer  cell  lines  (LNCaP,  PC-3  and 
JXJ-N5)  express  prohibkm  but  the  levels  vary  among  these  cell  lines.  Androgen- 
responsive  prostate  cancer  cell  line,  LNCaP,  showed  rhe  highest  level  compared  ro 
tk  VCr$  cells  and  lowest  level  vra  observed  in  DU- 1 45  cells.  Interestingly;  the  cell 
proliferation  and  thereby  growth  of  these  cell  lines  in  vitro  correlated  with  the  levels 
g£ prohibit! n  protein  present  in  these  cells,  as  the  slowest  growth  was  observed  in 
tKCaP  cells  and  fastest  growth  was  observed  In  DU-145  cells.  To  understand  the 
bile  of  prohibitln  in  prostate  cancer  cells,  we  used  galn-of-fuuction  and  loss-of- 
function  analyses  by  transfecting  sense  and  anti-sense  prohibitin  expression  vectors 
iabU-145  cells.  Several  clonal  populations  of  stably  transfected  cells  were  ob  rained 
thir  express  various  levels  of  ptohibitm,  Overexpression  of  prohibit  in  in.  DU- 145 
cells  reduced  cell  proliferation  (more  than  50%)  and  colony  Forming  ability  (more 
than  70%)  in  vitro.  Overexpression  of  prohibttin  also  altered  the  phenotype  of 
DU-145  cell*  {emergence  of  prominent  hexagonal  morphology  with  distinct  cell 
wdl)  tpmpared  to  the  vector  control  or  non-transfected  cells  floss  of  hexagonal 
morphology).  On  the  other  hand,  inhibition  of  prohibhin  expression  by  antisense- 
p rohib.it tn  transfection  vector  induced  cell  death.  These  results  suggest  char  a  min¬ 
imum  level  of  prohibit  in  is  essential  for  cell  survival,  whereas  the  higher  levels  of 
proliiUtin  inhibit  cell  proliferation  in  prostate  cancer  cells.  Therefore,  ovtrexpres- 
sion  of  prohibit  in  might  act  as  a  tumor  suppressor  for  prostate  cancer,  (Supported 
by  the  start-up  fund  from  the  Georgetown  University) 

i- 

If  105 1  Ovexcxprcs  slon  of  Id- 1  in  liomione^refractory  pros  tatc  cancer.  Phil  ip 
K.  Ryan,  Nancy  J.  Ness  linger,  Xubao  Shi,  Christopher  P,  Evans,  Colin  A.  Baron, 
Jeffrey  P.  Gregg,  Ralph  W.  dcYere  White,  Hsing-Jien  Kong,  and  Gifford  G. 
Tepper.  University  of  California,  Davis  School  of  Medicine,  Sacramento,  CA. 

1  Hormone  refractory  pros  ta  re  cancer  is  the  p  ri  nclpal  cause  of  mo  real  ity  d  ue  to  this 
neoplasm.  To  study  this  we  have  been  utilizing  the  CWR22  human  tumor  xeno- 
gpifc  modd  which  effectively  simulates  the  clinical  course  of  prostate  cancer  by 
exhibiting  androgen-dependent  growth  tn  male  nude  athymic  mice,  regression  in 
response  to  androgen  withdrawal  and  relapsed  growth  of  the  tumor  after  several 
months.  In  addition,  wc  liave  characterized  a  novel  androgen  receptor  mu  cation  in 
die  22Rvl  cell  line  and  described  it  as  a  model  of  androgen  independence  and 
repression,  In  order  to  gain  insight  into  the  molecular  mechanisms  underlying  the 
iramitbii  ro  androgen-independence,  microarray  gene  expression  profiling  was 
pcrfbimed  on  parental  CWR22  and  relapsed  CWR22R  xenograft  tumors  using 
Asymetrix  HG-U95Av2  GeneChtp  arrays.  Hierarchical  clustering  of  the  resulting 
dit*  was  performed  ro  identify  gene  expression  patterns  associated  with  particular 
nHflectilar  alterations  and  phenotypes.  This  demonstrated  that  the  CWR22R-2152 
tofnorafid  its  derivative  22Rvl  and rogenri independent  cell  line  possessed  a  unique 
H^fie  expression  signature  underscored  by  markedly  r  leva  ted  expression  of  Id-1 
(inhibitor  of  DifFerenriation/DNA  binding-1)  in  comparison  to  the  parental  tu- 
and  the  ocher  relapses.  Id-1  is  a  dominant-negative  hdlx-toop-helix  protein 
■^iQwn  to  suppress  replicative  senescence  and  promote  tumor  aggressiveness.  Quan¬ 
titive  real-time  PCR  and  immunoblot  analyses  confirmed  the  microarray  Endings 
Hid  demonstrated  similarly  devared  Id- 1  levels  in  the  androgen-independem,  p53- 
^ytzted  DU  145  and  PC-3  cell  lines.  In  contrast*  Jd-1  expression  was  marginally 
expressed  in  the  LNCaP  androgen- dependent  cell  line.  Interestingly,  Id- 1  expres- 
sion  was  up-regu laced  in  LNCaP-p53  mutant  sublines  harboring  p53  gain:of- 


fu notion  mutant  alleles  and  a  p53  loss-of-fuciction  allele  (P151S),  intplicating  the 
mutational  inactivation  of  p53  as  a  basis  for  IdT  deregulation.  Since  the  LNGaP- 
p53GOF  sublines,  but  not  LNCaP-p53(Pl  5  IS),  are  capable  of  androgen -indepen¬ 
dent  proliferation,  Id- 1  expression  alone  is  insufficient  to  mediate  androgen  inde¬ 
pendence,  Further  analysis  showed  increased  Id-1  expression  in  primary  prostare 
cancer  cell  cultures  when  compared  to  cultures  established  from  benign  prostadc 
hyperplasia.  Id-1  was  easily  detected  in  prostate  cancer  samples  in  tissue  microarrays 
by  immunohistochemlcal  staining  and  exhibited  a  punctate,  cytoplasmic  staining 
pattern.  Our  data  implicate  Id- 1  overexpiession  as  a  feature  of  prostate  cancers 
harboring  p53  mutations  and/or  androgen- independent  tumors  progressing  to  an 
androgen- independent  and  -insensitive  phenotype.  In  cells  with  p53Gt>F  muta¬ 
tions,  elevated  ld-l  expression  would  be  expected  lo  suppress  the  Rb  pathway;  thus, 
these  tumors  would  effectively  have  loss  of  bath  tumor  suppressor  genes  combined 
with  the  oncogenic  attributes  of  p53COF  mutations, 

#  1 052  PMEPA 1 ,  an  androgen-regulated  NEDD4  bi  ndi  ng  p  ro  tela  rath  tbl  ts 
cell  growth  inhibitory  function  and  decreased  expression  during  prostate  can¬ 
cel:  progression*  Linda  L*  Xu,  Yinghui  Shi,  Gyoigy  Petravics,  Mazen  Makarem, 
Chen  Sun*  M7ei  Zhang,  Labe  11  A,  Sesterhenn,  David  G,  McLeod,  Leon  Sun,  Judd 
W.  Mod,  and  Shiv  Srivastxva.  Center  fir  Prostate  Disease  Research,  Bcthcsda,  MD, 
Aimed  Forres  Institute  of  Pathology,  Dept,  of  Genitourinary  Pathology.  Washington, 
DC,  and  Urology  Service,  Department  of  Surgery,  Walter  Reed  Army  Medical  Center, 
Washington ,  DC 

Serial  Analysis  of  Gene  Expression  in  and  rogcEV  treated  LNCaP  prostate  cancer 
celts  has  led  to  the  discovery  pf  a  novel  androgen-regulated  gene,  PMEPA L  The 
expression  of  PMEPA  I  is  prostate  abundant  and  is  restricted  to  prostatic  epithelial 
cells.  PMEPAl  shows  high  protein  sequence  homology  to  N4WBP4,  a  mouse 
NPT3D4 -binding  protein  with  unknown  function*  A  recent  study,  showing  con¬ 
sistent  PMEPAl  overexpression  in  non-tumorigemc  revertancs  following  chromo¬ 
some  3  transfer  into  tumor  cells,  suggests  for  direct  or  indirect  regdatior.  of 
PMEPAl  by  chromosome  8,  the  most  frequently  altered  chromosome  in  prostate 
cancer  (CaP),  In  this  study,  we  demonstrate  that  PMEPAl  interacts  with  NEDD4 
WW  domains  through  its  PY  motifs.  Mutation  of  the  PY  motifs  significantly 
decreased  die  binding  ability  of  PMEPAl  to  NEDD4.  PMEPAl -GPP  fusion  pro¬ 
tein  localizes  to  the  cis- Golgi  matrix  compartment  but  not  to  the  trans-Golgi 
network  in  cells  transfected  with  the  PMEPA  1-GFP  expression  veetor*  Overexpres- 
sion  of  PMEPAl  in  widely  used  prostate  tumor  cell  lines;  DU  145,  PC3,  LNCaP 
and  LNCaP  sublincs  (C4,  C4-2  at  id  C4-2D)  resulted  m  significant  tell  growth 
inhibition.  I, aser  capture  microdissection  derived  paired  normal  and  primary  tumor 
specimens  from  62  prostate  cancer  patients  were  analyzed  for  PMEPAl  expression 
by  real-time  RT-FGR  assays.  Forty  of  62  (64.5%)  matched  prosrstc  specimens 
exhibited  decreased  expression  of  PMEPAl  in  rumor  tissues,  Decreased  PMEPAl 
expression  was  significantly  associated  with  higher  pathologic  stage  and  higher 
levels  of  scrum  PSA,  suggest! Eig  that  decreased  PMEPAl  function  may  have  some 
role  in  prostate  tuiuorigenesis.  As  an  androgen-regulated  and  prostate-abundant 
gene,  PMEPAl  appears  to  have  functions  in  the  regulation  of  prostate  cell  growth 
and  these  functions  may  be  mediated  through  die  Inter  action  of  PMEPAl  with 
NEDD4  proteins  involved  in  the  ubiquitm-proteasomc  pathway. 

#1053  Synergistic  Inhibition  of  tumor  cell  growth  by  CACNA2D2  and  p53 
via  activation  of  DAPIC  pathway  in  lung  cancer.  Giovanni  L  Ca thorn,  Jianhua 
Shao,  Kai  Xu,  Boning  Gio,  Mstsahiko  Nishizaki,  Ralph  A,  Schmid,  John  D.  Minna, 
Jack  A  Roth,  and  Lin  Ji.  University  Hospital  Bern,  Division  of  General  Thoracic 
Surge sy,  Berne,  Switzerland,  UT  MD  Anderson  Cancer  Center,  Dept,  of  Thoracic  and 
Cardiovascular  Surgery,  Houston,  TX,  and  UT Southwestern  Medical  Center,  Dallas, 
7X 

The  CaJ  ^-channel  subunit  gene  GACNA2D2  (CACNJ  is  located  in  the  human 
chromosome  3p2L3  homozygous  deletion  region.  We  previously  showed  chat 
enforced  expression  of  wild-type  (wtJ-GACN  by  the  recombinant  adenoviral  vec¬ 
tor-mediated  transfer  in  CACN-deficient  NSCLC  cells  significandy  inhibited  cell 
growth  and  induced  apoptosis  in  vitro  and  in  vivo.  We  also  observed  that  die 
wt-p53 -expressing  NSCLC  cells  appeared  mare  sensitive  to  Ad-GACN-mediared 
growth  inhibition  and  apoptosis  induction*  suggesting  a  possible  p53 -dependent 
mechanism  for  the  CACN-mediaced  function.  To  explore  the  molecular  mecha¬ 
nism  behind  the  apparent  interaction  between  CACN  and  p53,  we  evaluated  the 
combined  effect  of  the  Ad-CACN  and  Ad-p53-mcdiattd  gene  co-transfer  on  tumor 
cell  growth  and  apoptosis  and  analyzed  tile  potential  downstream  signaling  path¬ 
ways  mediated  by  these  tumor  suppressors  in  NSCLC  cells.  A  significant  synergistic 
inhibition  of  tumor  cell  growth  was  observed  m  Ad-CACN  and  Ad-p53-cotnm5- 
duced  H35H  and  H1299  (p53  null)  cells  (p  =  0.035  and  p  —  0,046,  respectively) 
by  isobologram  modeling  and  statistical  analysis.  A  similar  synergistic  effect  on 
induction  of  apoptosis  was  also  observed,  as  shown  by  the  significant  increase  of 
apoptotic  cell  populations,  26,3%  (p  —  0.03)  in  H358  and  20,3  %  (p  =  Q.06)  in 
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Hi 299  coccansduccd  hy  Ad-CACN  and  Ad-p53,  respectively,  compared  10  che 
either  vector  treatment  alone.  To  analyze  the  effect  of  CACN  on  endogenous  p33 
expression,  we  peT formed  Western-blot  analysis  in  Ad-CACN -transduced  A549 
and  H460  (p53  wt)  cells  and  found  that  the  ectopic  expression  of  CACN  enhanced 
p53  protein  expression,  possible  due  to  p53  stabilisation,  in  both  cells  but  with  a  less 
degree  of  increase  in  H460.  Furthermore,  we  explored  ihe  possibility  of  the  involve- 
mem  of  die  death  associated  pro  re  in  kinase  (DAPK)*  a  Ca±+ /Calmodulin  activated 
protein  kinase  that  has  been  shown  to  induce  apoptosis  In  a  p 53 -dependent  mech¬ 
anism.  We  found  that  exogenous  CACN  expression  induces  phosphorylation  of 
DAPK  in  A549  and  H358.  The  H46Q  cells  are  deficient  of  both  gene  and  protein 
expression  due  to  promoter  methylation*  as  confirmed  by  methylat inn-specific 
PCR,  Western  blot  and  RT-PCR  analysis.  Treat  mem  wirli  die  mcthyltransfcrasc 
inhibitor  5-Aza-2^dcoxycytidim:  (A2A)  restored  DAPK  protein  expression  in 
U4S0.  Combination  treatment  with  Ad-GACN  and  AZA  synetgmically  sup¬ 
pressed  H460  cel l  growth  and  efficiently  induced  p53  stabilization.  Based  on  these 
observations,  wt  conclude  that  exogenous  co-expression  of  CACN  and  p53  syner- 
gistically  inhibits  tumor  cell  growth  in  NSCLC  cells  and  the  observed  synergy 
might  result  from  the  p53  stabilization  rluough  the  CACN- mediated  DAPK  acti¬ 
vation  and  phosphorylation. 

#1054  Increased  expression  of  H 1 9j  a  p  u  tali ve  tumor  sup  p  r ess  0  r  gen  e,  fo  1- 
lows  the  initiation  of  hepatocyte  proliferation  in  vivo  and  in  vitro.  Yuj:  Nish- 
ikawa,  Youhcl  Yamamoto,  Masayuki  Yoshida,  Takuya  Nishimura,  Takuo  Tokai- 
riu,  Yasufumi  Omori,  a  nd  Katsuhi  ko  Enom  oio,  Akita  Univcnhy  School  of  Mediant, 
Akita t  Japan . 

H19  is  a  paternally  imprinted  gene  that  is  believed  to  function  as  a  mRNA 
without  being  translated  into  a  protein.  Decreased  gene  expression  and/or  abnor¬ 
mal  imprinting  seams  (loss  or  gain  of  imprinting)  have  been  noted  In  some  malig¬ 
nant  rumors,  including  Wilms  tumor,  lung  and  liver  cancers,  and  suppression  of 
malignant  phenotype  has  been  demonstrated.  In  tumor  cell  lines  by  transfection  of 
a  H 1 9  gene  construct.  While  these  data  strongly  suggest  that  H 1 9  may  be  a  tumor 
suppressor  gene,  its  physiological  role  is  largely  unknown.  In  die  liver,  the  gene  was 
expressed  at  high  levels  during  fetal  period,  but  rapidly  downregu  feted  after  birth 
and  only  a  little  expression  remains  in  the  adult  liver,  In  the  present  study,  10  explore 
the  possibility  that  H19  might  participate  in  the  regulation  of  hepatocyte  prolifer¬ 
ation  in  the  adult  liver,  we  examined  the  changes  in  H19  expression  during  in  vivo 
and  in  vitro  hepaiocytc  growth.  Adult  male  CBA  X  BALB/c  FI  mice  and  F344  rais 
were  subjected  to  a  two -thirds  partial  hepatectomy  (PH).  After  various  time  peri¬ 
ods,  die  livers  were  perfused  with  collage nasc  to  isolate  hepatocyres  for  subsequent 
studies.  RT-PCR  analysis  demonstrated  that  the  expression  of  H19  was  dramati¬ 
cally  increased  at  4  days  (mouse)  and  2  days  (rat)  after  PH  and  then  gradually 
decreased.  The  increase  in  HI  9  gene  expression  was  slightly  behind  the  initiation  of 
hepatocyte  proliferation  that  was  estimated  by  ornithine  decarboxylase  gene  and 
proliferating  cell  nuclear  an  eigen  (PCNA)  expression.  A  restriction  fragment  length 
polymorphism  analysis  using  the  reported  one  base  pair  polymorphism  in  the  exon 
I  between  CBA  andrBALB/c  mice  (Ainscough  et  ah,  1992),  showed  that  paternal 
imprinting  status  of  H19  gene  was  strictly  maintained  during  the  increase  of  its 
mRNA.  H 19  gene  expression  was  also  examined  in  the  rat  hepatocytes  cultured  on 
positively-cliaiged  plastic  dishes  (Pri maria)  in  the  presence  nFEGFand  insulin.  In 
the  culture  system,  in  which  hcpatoeyces  formed  spheroidal  aggregates,  there  was  a 
distinct  peak  of  PCNA  expression  ai  2 10  3  days  after  plating.  H 1 9  gene  expression 
was  increased  in  the  spheroids  cultured  for  5  to  7  days.  The  increased  H19  expres¬ 
sion  was  extinguished  when  die  spheroids  were  transferred  to  collagen -coated  plas¬ 
tic  dishes  to  facilitate  proliferation  as  monolayers.  Our  results  demonstrated  that 
H19  gene  expression  is  dynamically  regulated  in  adult  hepatocytes  in  dose  associ¬ 
ation  with  their  proliferation  both  in  vivo  and  in  vhm,  without  changing  its  im¬ 
printing  status.  Since  the  increase  in  HI  9  mRNA  is  subsequent  to  die  initiation  of 
hepatocyte  proliferation,  it  might  be  involved  in  the  negative,  father  than  positive, 
regulation  of  cell  growth,  which  fe  consistent  with  the  supposed  tumor  suppressing 
capacity  of  H19  gene. 

£1055  Suppression  of  cellular  proliferation  and  enhanced  radiation  and 
chemotherapeutic  response  by  the  restoration  of  cliromosume  19  in  glioma 
cells.  Caspar  J.  Kkange*  Mirk  E.  Law,  Cheryl  L  Soderbetg,  and  Robert  B,  Jenkins. 
Mayo  Clinic  Rochsitor,  Rochester,  MN. 

Deletion  of  die  19  q-arm  is  observed  in  more  than  50%  of  human  oligodendro- 
gliomas.  Asa  result,  chromosome  19  is  believed  to  contain  a  novel  tumor  suppressor 
gene  involved  in  the  development  of  these  rumors.  Although  a  minimal  region  of 
deletion  in  primary  gliomas  has  previously  been  mapped,  to  date  no  candidate 
tumor  suppress  or  gene  has  yet  been  identified.  To  facilitate  our  cloning  effort  of  the 
19q  glioma  tumor  suppressor  gpie,  we  have  used  FISH  analysis  to  screen  I9q-arin 
deletions  in  a  panel  of  human  glioma  cell  lines.  We  identified  two  cell  lines,  A!  72 
and  U87j  which  contain  deletions  encompassing  the  minimally  deleted  region  in 


primary  gliomas.  To  define  a  functional  role  of  the  19  q-arm  candidate  t  jnfeci^ 
suppressor  gene,  we  have  used  a  micrucelfemcdiated chromosome  transfer  uiT(J|  irfpd  ™c 1 
- , - !  L _ _  10  l*.  .U_  A  t7->  „.1|  i:,.„  C„  i'  ULi.:  i  .,-3  V,,, 


a  normal  human  19  in  die  A172  cell  line.  So  far,  we  have  isolated  13  hybrid^ 
nen!9)  clones;  11  of  which  contain  an  extra  whole  19,  and  2  an  extra  portal 
19q.  Interestingly*  A172  jico19  clones*  with  either  whole  19  or  I9q,  elicited  $lcj| 
proliferation  than  control  vector-transfected  clones.  Moreover*  A 1 72  neol9 1 
were  more  sensitive  to  radiation,  as  evidenced  by  donogeme  survival  ^ 
Exposure  of  A 172  neol9  clones  to  CCNU  or  BCNU  resulted  in  signified 
reduced  survival  as  well  as  increased  cell  death  compared  to  vector-tun ifaj 
clones.  Taken  together*  these  findings  provide  functional  evidence  that  ehioj^ 
some  19  contains  a  glioma  tumor  suppressor  gene  and  that  restoration  of  this 
renders  glioma  cells  more  sensitive  to  radiation  and  chemotherapy.  The  A  111 
ncol9  clones  should  be  useful  for  die  identification  of  candidates  for  ike 
tumor  suppressor  gene.  Supported  in  pan  by  GA85799. 


#1056  The  role  of  BAXtf  In  glloblatnma  formation:  A  putative  novel  ji>£ 
pression  pathway*  Yi-Hong  Zhou,  Fang  Tan,  Yue-Xi  Shi,  Tricia  Glas,  Kyle  \R' 
then,  Kenneth  R.  Hess,  joy  Gumin,  Frederick  Long,  and  W.K.  Alfred  Yung.  AT 
Anderson  Cancer  Center,  Houston,  7X  -  ^ 

Glioblastomas  (GBMs)  ore  tire  most  common  and  malignant  primary  brfij 
tumors  in  adults.  The  PAXGg cnc  encodes  a  transcription  factor  for  reguLitingoi 
proliferation,  migration,  and  differentiation  in  the  development  of  the  eye  and 
central  nervous  system.  We  have  reported  that  PAX6  expression  was  inversely 
correlated  with  the  cumortgeoiciiy  of  glioma  cell  lines  and  the  grade  of  gliomas, 
a  lower  value  of  PAXG  expression  was  an  unfavorable  prognostic  factor  for 
nant  glioma  patients.  To  substantiate  the  putative  tumor  suppression  fund  land 
PAX6,  we  introduced  a  PAX6  expression  construct  Into  two  human  GBM  edllin^ 
U251HF  and  LN229S  and  found  thar  ectopic  expression  of  PAX6  suppressed  cd 
invasion  in  vitro  in  both  cell  lines.  Subcutaneous  and  intracranial  implantation  sf 
U251HF  and  its  PAX6  transfectants  in  nude  mice  suppressed  tumor  growth  aid 
significantly  extended  survival.  In  an  attempt  ro  elucidate  the  suppression  mecKf 
nism  of  PAX6)  we  found  that  the  expression  of  the  gene  encoding  phtelec-defwd 
growth  factor  receptor  alpha  ( PDGPRA )  was  repressed  in  PAX6  transfeaanu  df 
both  U251HF  and  LN229  cell  lines.  Furthermore,  neutralizing  antibodies 
PDGFRA  suppressed  the  invasion  ability  of  glioma  cells.  Thus,  a  putative  modi 
nism  for  PAX6 suppress! on  of  GBM  formation  may  be  inhibiting  the  invasivenea; 
of  cells  med  rated  thro  ugh  the  FDG  FRA  cell  signal  i  ng  pathway . 
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#1057  Infectious  delivery  of  the  132  kb  CDKN7A/CDKN2B  genomk, 
DNA  region  results  in  suppression  of  growth  In  glioma  cells.  Ryo  Inoue^Kavrli  : 
Asadi  Moghaddam,  Moksha  Ranasinghe,  Yoshinaga  Sackl,  R  Antonio  Chloct^ ! 
and  Richard  Wadc-M^rtins.  Molecular  Nemo-  Oncology,  Mostachusetts  Generali  fa 
pi  tab  Charlestown,  MA. . 

The  chromosomal  region  9p2L3  spanning  the  CDKN2A  and  CDKN2B3(xi 
demonstrates  complex  splicing  of  overlapping  genes.  The  region  encodes  op  to  sir 
proteins  involved  in  cell  cycle  control  and  9p2L3  deletion  is  one  of  the  ntf*1 
frequent  mutations  found  m  human  gpoblascomas  (GBMs),  occurring  in 
coses.  We  recently  developed  an  efficient  infectious  gene  delivery  system  for 
genomic  regions,  termed  the  infectious  bacterial  artificial  chromosome,  or  iDAQ 
system,  TheiBAC  Is  based  on  the  herpes  simplex  virtu  type  1  {HSV-l)a[nplicon*w 
infectious  vector  with  a  iransgene  capacity  of  “150  kb,  and  tropism  for  neuron4; 
cells.  In  this  study,  we  wished  to  evaluate  the  efficacy  of  Infectious  delivery 
complete  CDKN2  region  to  human  glioma  cells  and  evaluate  restore tion  of  ct|  T 
cycle  regulation.  We  first  screened  ten  glioma  cell  lines  for  homozygous  deletions  of  l| 
ihe  pldlNKda*  pl4ARF  and  pLJINKdb  exons,  and  selected  for  further  study  tfe 
Gli-33  and  Gli-36  cell  lines  which  have  deletions  of  the  entire  CDKN2  regia'1 
Next,  we  .constructed  the  SBAC-CDKN2  vectors,  pHSV-CDKN2  aud  pHSW 
RBV-CDKN2  (a  hybrid  amplicon  including  episomal  retention  tlemcms  from 
Epstcin-Barr  virus),  carrying  a  fully  sequenced  132  kb  genomic  DNA  insert.  As* 
preliminary,  we  transfected  the  constructs  into  Gli-36  Cells  and  verified  express011 
of  pl6lNK4a  by  immunohistoebemistry,  and  of  plCINKda,  pldARF  ^ 
pl51NK4b,  by  RT-FGR.  We  tlien  packaged  the  iB AC  vectors  using  an  improved 
helper  virus- free  H5V-1  amplicon  packaging  system.  Following  infectious  delivery 
to  Gli-36  we  . confirmed  expression  of  pl6lNK4a*  pldARE  and 


RT-RCR,  This  is  the  first  demonstration  of  the  correct  expression  of  alternate 
splice  forms  of  a  human  genomic  locus  >100  kb  following  infectious  delivery- 
then  examined  if  CDKN2A  andl  CDKN2B  expression  could  restore  cdl 
control  in  human  glioma  cells.  We  used  flow  tytometry  to  sort  infected  cells*  ils*1^ 
the  IB  AC  green  fluorescent  protein  (GFP)  reporter  gene  as  a  marker.  GFP  pojit^ 
cells  seeded  at  low  density  were  allowed  to  divide  and  were  evaluated  for  growth  rat* 
using  the  WST-1  colorimetric  assay.  The  growth  rate  of  Gli-36  and  Gti-33 
infected  with  the  IBAC-CDKN2  vectors  was  significantly  lower  by  days  3  and  ft 
respectively,  than  that  of  cells  infected  with  control  aruplicons.  On  day  %  Glt#3® 
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ranging  From  lees  Ihsn  6  h  In  PC346  cel  la  Ull  up  to  approximately 
PC3  csjls  ^h0  variable  effect  of  wortmannln  In  the  different  cell 
could  not  be  contributed  to  degradation  of  the  drug  Jn  LNCaP  and 
J'°^0346  cells  transient  Increase  In  p27v,f>1  mRNA  expression  correlated 
JSSTthe  observed  transient  FKHRL1  activation  following  wortmannln 
^BlfflimenL  PCS  calls  displayed  a  prolonged  Increase  of  p27hlp'  mRNA 
ii»ess[on  after  PI3K  Inactivation  However,  p27*?'  protein  expression 
^IhUKCdP.  PCS4a  was  not  affected  by  wortmannln-  in  PC3  cells  p27 * p1 
plain  expression  slowly  accumutolcd,  but  no  obvious  correlation  was 
Igfeeived  between  the  kinetics  of  p£7h'pl  mRNA  and  protein  accumu- 
Wjpfipnu  Taken  together  w©  conclude  that  regulation  of  p27  rp  mRNA 
jJ^axpressSon  via  the  PI3K/PTEN  downstream  target  FKHRL.1  does  not 
.TOjjgnWcantty  contribute  to  regulation  of  p27*pl  protein  expression  in 
fijprpslale  cancer  cell  linos 

■hIl 

^*p96  The  transforming  acidic  colled  coll  proteins  are  compo- 
of  multiple  protein  complexes,  Omkaram  Gangiselty,  Gautam 
jEgStSidaiva,  Ananthalakshmy  VellalkkoFumakankauv,  Zeenat  JajsanL 
IjgpBtenda  Lauffart,  and  Ivon  fi  Slill  Roewail  Perk  Cancer  Institute,  Buffalo, 

sWu ^regulation  of  the  human  TACG  genos  is  thought  to  be  Important 
^%3he  evolution  of  breast  cancer,  prostate  cancer  and  multiple  my* 
Bp.  However,  the  exacl  role  of  the  TACG  proteins  In  the  oncogsnlc 
^Spocese  is  currently  unknown.  To  Invest Igafs  their  potential  fund! oris, 
%#eWe  used  the  yeast  two-hybrid  system  to  Identify  proteins  that  bind 
»fo4human  TACG1,  TACC2  and  TACC3,  Our  analysis  Indicates  that 
JSPlfcC  Interacting  proteins  can  be  divided  Into  two  broad  categories:  1) 
gg^ftleirw  with  roles  In  oenlrosome/mitotlc  spindle  dynamics,  and  3) 
■J®gfdteins  Involved  In  gena  regulation,  either  at  the  level  of  transcription 
"eubsaquent  RNA  processing  and  translation.  Specifically,  we  dem- 
i^o'h'slrate  that  each  family  member  directly  Interacts  with  the  bremodp- 
containing  histone  acetyl  bans  Jareses  (HAT),  hGCN5  and  pGAF 
^Significantly,  we  also  show  that  the  human  TACG  proteins  bind  to 
^|i3AS41  end  either  direct^,  ar  Indirectly  to  the  INM  core  component  of 
sir^8lJfe:iSWI/SNF  chromatin-remodeling  complex.  This  suggests  a  more 
SSI's t)rh ala  association  between  the  TACG  family  and  the  processes  Irv- 
jgft^ofted  with  the  Initiation  of  gene  transcription.  Thus,  as  the  number  of 
M^JAGC  Interacting  teclore  grows,  It  is  becoming  evident  that,  similar  to 
SbrgAI  and  BRCA2,  the  TACG  proteins  ore  present  In  a  diverse  aol  of 
S^Jnbltlprcteln  complexes.  Thus,  ^regulation  of  TACG  family  members 
'%Tmslhe  potential  to  impact  several  cellular  functions,  promoting  lumor- 
§W%nGsls  and  progression 

mm}-. 


mid  vectors  containing  wt~RJ51  or  a  myristoylation-dafictent  mutant 
[Myr-mut-FLfSl)  made  by  site-directed  mutagenesis.  By  Immunofluo¬ 
rescence  Imaging  analysis,  Myr-mut-FusI  compared  to  wt-Fusl  dre- 
mat! c ally  lost  Its  characteristic  intracellular  membrane  localization  In 
transfected  H1299  ceils.  We  then  analyzed  the  effsete  of  the  wl-FLFSI 
and  Myr-mut-FUSI  expression  on  tumor  cell- Induced  clone  genfcKy  In 
vitro,  on  the  growth  of  NSCLC  NCJ-H1209  subcutaneous  tumor  xeno¬ 
grafts,  and  on  tha  development  of  NSGLG  A649  lung  m  etas  I  as  as  In 
nude  mica  by  totratumoral  Injection  or  systemic  administration  of 
FUSI-Lfpoplexss.  Myr-mut-FUSI  compared  towt-FUSl  exhibited  sig¬ 
nificant  loss  of  the  ability  to  inhibit  clonogenlcity  in  vitro  and  suppress 
xenograft  subcutaneous  tumor  and  lung  metastasis  growth  In  H12&8 
tumor-baarlng  animals-  We  coriclude  that  posUranslallonal  myrlsioyl- 
ation  Is  required  for  Fuel  tumor  suppressing  activity  end  that  loss  of 
both  protein  expression  and  myristoylatlon  occur  In  primary  human 
lung  cancers. 


S.397  Myristoylation  of  Fusl  protein  is  required  for  Fusl-medl- 
grated  tumor  suppressing  activities  in  human  lung  cancer,  Futoshl 
$(3no,  JElchlro  Sasaki,  Masahlko  Nishizaki,  Qlovsrtni  Carbonl,  Kai  Xu, 

.  Jsbdiin  D,  Minna,  deck  A..  Roth,  and  Lin  JL  The  University  of  Texas  M.p l 
^ffidarson  Cancer  Center,  Houston  TX  and  The  University  of  Texes 
western  Medical  Center,  Daihs,  TX, 

SiWtlSl  la  a  novel  3p21 .3  candidate  lumor  suppressor  go  no  which  Is 
yjl^nhctlvated  fn  primary  lung  cancers  by  a  combination  of  allele  loss,  rare 
^Sutallors,  and  frequent  deficiency  of  protein  expression.  Re-expres- 
of  wlld-iype  (wt]-Fua1  In  Fusl  -deficient  non-small  calf  lung  cancer 
^Hvji^GLC)  ceils  Inhibits  tumor  cell  growth  and  induced  apoptosis  in  vitro 
in  vivo.  A  motif-based  profile  scanning  analysis  revealed  a  potential 
^-Jmyrlstoylatlon  site  at  the  N-lerniinus  of  Fusl  protein  sequence.  Using 
i“l^4driace- enhanced  laser  desorption  and  ionization -Mass  (SELDI-MSJ 
"Spectrometry  analysis  on  a  Fusl -an1Ibody*cep  lured  ProtekiGhlp  array 
■‘TACPA),  wg  Identified  wt-Fust  as  a  myrlstoylated  protein,  which  was 
S-fiuri  her  confirmed  by  Western-blot  end  [mmuttoproclpitallon  analysis  Of 
;^^3-myri3iale-labelsd  Fusl  protein.  We  evaluated  Fusl  protein  expres- 
i^’sjeri  and  posit  ran  s  fatten  al  modification  using  AC  PA  wilh  SRLD1-MS  In 
[gOrlmary  uncultured  NSCLCs  and  non-lnvoived  lung  tissues  using  Laser 
^V?i^-papture  Micro -dissect  I  on  to  separate  tumor  from  normal  cells.  Only 
:.^!^myrlstoylalGd  protein  species  were  detected  In  normal  lung  cells  but 
^-  bolh  unmyrlstcylated  and  myristcylated  Fusl  protein,  wera  detected  In 
gf ^3u!nor  ce^5  M-myristoyl-protains  play  esservllal  roles  In  diverse  blolog- 
functions,  such  as  regulating  cellular  structure,  directing  protein 
Tntracellular  tocallzatFon,  and  mediallng  protein  "pro  teln  end  protein- 
^-■^ubsirate  interactions*  Thus.  We  tested  whether  myristoylafion  was 
required  ior  tumor  suppressing  activity  by  transfecting  exprosslon  plas- 


ff39S  The  WTt  gene  regulates  prostate  cancer  cell  tumorigonEc- 
|ty  In  an  I soform -specific  fashion,  Julte  M,  Carroll,  Natapcl  Gupanal- 
satakul,  Joy  L  Ware,  and  Charles  T  Roberts,  Oregon  Health  end 
Science  University,  Portland,  OR  and  Virginia  Commonwealth  Univer¬ 
sity,  Richmond,  VA, 

The  WT1  gene  encodes  a  zine-flnger  transcription  factor  and  was 
originally  classified  as  a  tumor  suppressor  based  upon  Its  Inactivation 
in  a  subset  of  Wilms1  tumors.  More  rocenlly,  however^  It  has  been  found 
that  iho  WIT  geno  fs  expressed  In  many  hemalopoSstlc  and  solid 
tumors,  as  well  as  tumor  cell  lines,  including  those  derived  from  the 
prostate.  The  WT1  gene  Is  subject  to  alternative  splicing  of  exons  6  and 
9  that  produces  four  fsotorms  of  the  M-langth  protein.  The  alternative 
splicing  of  exon  9r  which  produces  two  teoforms  that  contain  or  lack  a 
KTS  soquenca  between  zinc  fingers  3  arid  4*  is  thought  to  have  the 
maln  lripacLon  WTt  function-  We  have  recently  demonstrated  that  the 
increa^eft^inoirlgenlcity  of  subltnes  derived  !rom  en  SV40  T  antigen- 
Ifriijjpnpl^ihuman  prostate  epitheffal  cell  line  was  accompanied  by 
‘  ferofeed^presslon  of  a  novel  WT1  transcript  comprised  of  portions 
of  foiop^and  exons  6*10  of  WT1,  and  which  Is  subject  to  the 
alternative  splicing  of  exon  9-  Cgllectlvely,  thoso  findings  have  led  us  to 
propose  that  WTt  may  function  aa  an  oncogene  In  advanced  prostate 
cancer,  rather  than  as  a  classical  tumor  suppressor.  To  directly  assess 
the  rote  of  full-length  Wit  in  prostate  cancer,  we  generated  stable 
tfansfectante  of  the  P03  cell  lino  expressing  an  on  I  Isons  e  RNA  com¬ 
plementary  to  WT1  exon  1.  Isolated  clones  were  analyzed  at  early 
passage  (3)  for  WTt  protein  expression  by  Western  ImmunoblotUng 
and  re-examined  at  passage  B:  Three  of  four  clones  that  exhibited 
decreased  levels  of  all  full-length  WT1  ieofornis  at, passage  3  expressed 
higher  levels  a l  passage  B,  suggesting  that  there  was  selective  pressure 
against  decreased  WT1  expression  during  monolayer  growth.  Nude 
mice  Injected  s.c;  with  two  donas  at  passage  3  (expressing  Band  13  %, 
respectively,  of  control  levels  of  WT1)  exhibited  >90%  reduction  of 
tumor  volume  at  30  and  45  days.  Mice  Injected  with  a  done  at  passage 
8  that  had  rebounded  from  5  to  30%  of  control  levels  of  WTt  exhibited 
Increased  latency  and  somewhat  decreased  tumor  volume,  white  an¬ 
other  passage-B  clone  that  expressed  40%  of  the  control  WT1  level 
behaved  similarly  to  control  cells.  Thus,  modulation  of  full-length  WT1 
levels  Is  sufficient  to  regulate  tumorigenesls  of  prostate  cancer  cells, 
and  this  effect  Is  proportional  to  the  change  In  WT1  expression.  To 
address  the  role  of  novel  truncated  WT1  proteins,  we  expressed  both 
exon-9  splice  variants  In  the  weakly  lumorlgsnfc  M2205  prostate  can¬ 
cer  cell  line.  Expression  oi  tha  -KTS  Isoform  of  the  tomcatad  WTS 
protein  (ncreased  tumor  size  !n  xenografts,  white  expression  of  the 
+KTS  Isofornn  inhibited  tumor  growlh.  These  experiments  demonstrate 
an  oncossnlc  function  for  WTt  In  human  prostate  can  car  cells ,  and 
suggest  that  manipulation  of  WT1  activity  may  provide  a  novel  thera¬ 
peutic  strategy  for  these  cancers.  Supported  by  DOD10273  and 
Lematte  Foundation  (CTR)  and  DK526B3  and  CA5B126  (JLWJ. 
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Agents 

Abstract  #3796 

Enhanced  sensitivity  of  tumor  cells  to 
chemotherapeutic  agents  by  activation  of  FUS1  tumor 
suppressor  gene  in  lung  cancer  cells. 

Jiichiro  Sasaki,  Futoshi  Uuo,  John  D.  Minna,  Jack  A.  Roth  and  Lin  Ji 

UT.  M.D.  Anderson  Cancer,  Houston,  TX  and  UT  Southwestern  Medical  Center,  Dallas,  TX. 

FUS1  is  a  novel  tumor  suppressor  gene  (TSG)  identified  in  the  human 

chromosome  3p21.3  region  that  is  deleted  in  many  cancers.  We  previously  found 

that  FUS1  TSG  was  inactivated  in  many  primary  lung  cancers  and  cancer- 

derived  cell  lines  by  either  the  loss  of  expression  or  the  deficiency  of  the 

posttranslational  myristoylation  modification  of  the  wild-type  (wt)-Fusl  proteins. 

We  also  demonstrated  that  exogenous  expression  of  the  wt-Fi/S/by  plasmid-  or 

adenoviral  vector-mediated  gene  transfer  significantly  inhibited  tumor  ceil  growth, 

induced  apoptosis,  and  altered  cell  cycle  kinetics  in  3p21. 3-deflcient  lung  cancer 

cells  in  vitro  and  efficiently  suppressed  tumor  growth  and  inhibited  tumor 

progression  and  metastases  in  human  lung  cancer  xenograft  mouse  models. 

Based  on  these  pre-clinical  investigations,  a  phase  1  clinical  trial  is  now 

undertaking  in  advanced  non-small  cell  lung  cancer  patients  using  systemic 

administration  of  DOTAP-cholesterol-complexedwt-F£/S/-expressing  plasmid 

DNA  (Fi/S7-lipoplex).  In  this  study,  we  explored  the  capability  of  the  wt-FUSI 

gene  product  as  a  modulator  of  chemotherapeutic  drugs  for  enhancing 

chemotherapeutic  potency  and  overcoming  drug  resistance  in  lung  cancer  cells. 

We  found  that  a  transient  expression  of  the  wt-FusI  protein  in  FUS /-expressing 

plasmid-transfected  H1299  ceiis  significantly  enhanced  the  cisplatin-mediated 

inhibitory  effect  on  tumor  cell  growth  at  a  low-dose  {1  micro  molar)  of  cisplatin 


treatment.  In  addition,  a  stable  expression  of  the  wt -FUS1  gene,  which  is  under 
the  control  of  a  ponasterone  A-inducible  promoter,  reduced  more  than  30%  of 
IC50  values  of  both  cisplatin  and  pad itaxei  treatments  in  H1299  cells,  even  at  a 
low  level  of  induced  Fusl  expression.  However,  the  maximum  stabie  expression 
of  a  functionally  deficient  mutant  Fusl  protein  (mt-FusI)  in  a  similar  inducible 
system  did  not  enhance  the  sensitivity  of  tumor  cells  to  these  drugs.  Furthermore, 
a  significant  increase  in  apoptotic  cell  populations  were  detected  in  cells  with  the 
induced  expression  of  the  wt-FusI  protein  but  not  in  those  with  induced 
expression  of  mt-FusI,  as  shown  by  a  FACS  analysis  with  TUNEL  reaction. 
These  results  suggest  that  the  wt-FusI  may  play  a  critical  role  in  modulating  the 
sensitivity  of  tumor  cells  to  the  chemotherapeutic  agents,  especially,  to  DNA 
damaging  agents  such  as  cisplatin  and  that  a  combination  treatment  with  the 
FWSAlipoplex-mediated  molecular  therapy  and  the  cisplatin  or  taxcel-based 
chemotherapy  may  be  an  efficient  treatment  strategy  for  lung  cancer. 
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Abstract  #4821 

Activation  of  apoptotic  signaling  pathway  by  direct 
interaction  between  tumor  suppressor  Fusl  and  Apaf- 
1  proteins  in  lung  cancer  cells 

Futoshi  Uno,  Jiicliiro  Sasaki,  Gitanjali  Jayachandran,  Kai  Xu,  John  D.  Minna,  Jack 
A.  Roth  and  Lin  Ji 

The  University  of  Texas  M.D.  Anderson  Cancer  Center,  Houston,  TXand  The  University  of  Texas 
Southwestern  Medical  Center,  Dallas,  TX 

FUS1  is  a  novel  tumor  suppressor  gene  identified  in  a  120-kb  overlapping 
homozygous-deietion  region  in  human  chromosome  3p21.3in  lung  and  breast 
cancers.  We  previously  demonstrated  that  enforced  expression  of  the  wild-type 
{\n\)-FUS1  in  3p21. 3-deficient  non-smail  cell  lung  cancer  (NSCLC)  cells 
significantly  suppressed  tumor  cell  growth  by  induction  of  apoptosis  and 
alteration  of  cell  cycle  kinetics  in  v/Zroand  in  vivo .  However,  the  molecular 
mechanism  and  signaling  pathway  involved  in  the  AWSAmediated  apoptosis 
remained  unknown.  In  this  study  we  aimed  to  identify  the  potential  cellular  targets 
of  Fusl  protein  to  have  an  insight  into  the  mechanism  of  Fusl  function.  We 
performed  immuno-precipitation(IP)  analysis  using  anti-FusI  antibodies  with 
protein  lysates  prepared  from  Fusl-expressing  plasmid-transfected  NSCLC 
HI 299  cells  to  analyze  the  Fusl-mediated  protein-protein  interactions.  The . 
potential  cellular  protein  targets  that  directly  interact  with  Fusl  protein  were 
analyzed  by  SDS-PAGE  of  the  IP  complexes  and  further  identified  by  peptide 
mapping  of  the  trypsin-digested  proteins  in  the  complexes  by  a  surface-enhanced 
laser  desorption  and  ionization-mass  spectrometry  on  a  ProteinChip  array.  One  of 
the  potential  Fusl -interacting  proteins  was  predicted  by  peptide  mapping  as  the 
apoptotic  protease  activation  factor  1  (Apaf-1),  This  Fusl-Apafl  interaction  was 
further  confirmed  by  IP  and  immuno-blot  analysis  using  either  anti-FusI  or  anti- 


Apafl  antibodies,  alternatively.  We  also  observed  that  both  the  wt-FusI  and  a  M 
myristoylation-deficient  mutant  Fusl  (myr-mt-FusI)  protein  but  not  the  C- 
terminal-deletion  (10-20  amino  acids)  mutants  of  Fusl  proteins  could  bind  to 
Apaf-1  protein  in  H1299  transfectants,  A  computer-aided  structural  analysis 
predicted  a  PDZ  domain  in  the  C-termini  of  the  both  Fusl  and  Apafl  proteins, 
suggesting  that  the  Fusl-Apaf-1  interaction  might  be  mediated  through  these 
classic  PDZ  protein-protein  interaction  motifs.  Using  an  immuno-fluorescence 
image  analysis  with  Fusl  and  Apafl  antibodies,  we  detected  that  the  Apafl 
proteins  were  co-iocaiized  with  the  wt-FusI  proteins  in  their  typical  mitochondria 
and  ER  membrane  locations  but  with  the  myr-mt-FusI  proteins,  which  lost  its 
membrane-attachment  capability,  everywhere  in  the  cytoplasm  in  the  wt-F£/S/ 
and  myr-mt-FT/S /-transfected  H1299  cells,  respectively.  These  results  suggest 
that  Fusl  protein  may  function  as  a  key  mediator  in  Apafl -mediated  mitochondria 
apoptosis  pathway  by  recruiting  and  directing  cytoplasmic  Apafl  protein  to  the 
critical  cellular  location  and  activating  it  in  situiox  the  efficient  induction  of 
apoptosis. 
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cancer  (NSCLC)  by  combination  treatment  with  FUSI-nanoparticles  and  Gefitinib 

Sub-category:  Non-Small  Cell  Lung  Cancer 

Category:  Lung  Cancer 

Mooting:  2005  ASCO  Annual  Meeting 


Abstract  No;  7081 


Citation:  Journal  of  Clinical  Oncology,  2005  ASCO  Annual  Meeting  Proceedings.  Vol  23,  No.  16S,  Part  \  of  II  (June  1 

Supplement),  2005;  7081 

Author(s);  L.  Ji,  H.  Kawashima,  C.  Lu,  X  Kurie,  S.  Chada,  X  D.  Minna,  X  A*  Roth 

Abstract:  Background:  FUS1  is  a  novel  tumor  suppressor  gene  (TSG)  identified  in  the  human  chromosome  3p213 

region  that  functions  in  the  Apafl  -associated  apoptotic  pathway,  and  is  a  potent  tumor  suppressor  We 
explored  the  use  of  FUS1  for  enhancing  chemotherapeutic  potency  of  Gefitnib  and  overcoming  Gefitnib- 
resistance  in  both  Gefitnib-sensitive  and  resistant  NSCLC  cells.  Methods  and  Results:  We  found  that 
expression  of  wt-FUSI  by  FUS1-nanopartlc!e-mediated  gene  transfer  in  FU31 -deficient  and  Gefitinib- 
resistant  NSCLC  HI  299,  H358,  and  H460  ceils  significantly  sensitized  the  response  to  Gefitinib  treatment,  as 
demonstrated  by  a  more  than  additive  inhibitory  effect  on  turner  cell  growth  and  a  synergistic  induction  of 
apoptosis.  Enhanced  growth  inhibition  was  also  observed  in  the  Gefitnib-sensitive  HGC827  (EGFR  mutant) 
and  HI  81 9  (EGFR  amplification)  cells  co-treated  with  FUS1 -nanoparticles  and  a  low  dose  of  Gefitnib  (IC10). 

A  marked  inhibition  of  phosphorylated  EGFR  protein  was  also  detected  in  cells  treated  with  FUS1- 
nanoparticles  alone  or  in  combination  with  Gefitnib,  as  shown  by  Western-blot  analysis  with  phcsphc-EGFR- 
spedlic  antibodies,  A  significant  inhibition  (P<0,001)  of  tumor  growth  was  detected  in  animals  treated  by 
FUS1 -nanoparticles  in  less  than  2  weeks  of  treatment  compared  to  those  untreated  or  treated  by  GFP- 
nanoparticles,  as  shown  by  MR  Imaging  and  volume  analysis,  induction  of  apoptosis  was  also  detected  in 
tumor  cells  in  mice  treated  by  FUS1 -nanoparticles  by  an  in  situ  apoptosis  assay  with  TUN  EL  staining  in 
frozen  tissue  samples.  We  have  an  ongoing  phase  f  study  of  single  agent  FUSI-nanopartEcles  given 
intravenously  in  stage  IV  NSCLC  patients  who  have  progressed  on  chemotherapy.  The  treatment  is  well- 
tolerated  in  seven  patients  entered  to  date  with  a  median  survival  of  17+  months.  Conclusions;  Our  results 
suggest  that  wt-FUSI  may  play  a  critical  role  in  modulating  the  sensitivity  of  tumor  ceils  to  protein  tyrosine 
kinase  inhibitors.  Supported  by  grants  from  NIH  NCI  (SPORE  F5QCA70907),  DOD  (TARGET,  DAMD170Q2- 
1-0706)  and  Introgen  Therapeutics,  Inc, 
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Abstract  #2707 

Synergistic  inhibition  of  EGFR  tyrosine  kinase  activity 
and  NSCLC  cell  growth  by  combination  treatment  with 
FUS1 -nanoparticle  and  gefitinib 

Hiroyuki  Kawstshima,  Futoshi  Uno,  Jonathan  Kurie,  John  D.  Minna,  Jack  A.  Roth 
and  Lin  Ji 

The  UT  M.D.  Anderson  Cancer  Center,  Houston,  TX  and  The  UT  Southwestern  Medical  Center, 
Dallas,  TX 

New  cancer  treatments  designed  to  restore  functions  of  defect  genes  and  gene 
products  in  tumor  suppressing  and  apoptotic  pathways  by  gene  transfer  and  to 
target  at  the  specific  and  frequently  occurring  molecular  alterations  in  key 
signaling  pathways  by  "smart  drugs"  such  as  protein  tyrosine  kinase  inhibitors 
(PTKIs)  are  fundamentally  changing  cancer  therapy  and  holding  a  promise  for 
lung  cancer  treatment.  FUS1  is  a  novel  tumor  suppressor  gene  (TSG)  identified 
in  the  human  chromosome  3p21.3  region  that  is  frequently  altered  or  deleted  in 
many  human  cancers  and  has  been  shown  to  function  as  a  key  mediator  in 
Apafl-associated  apoptotic  pathway  and  as  a  potent  tumor  suppressor  in  vitro 
and  in  vivo.  In  light  of  our  recent  observations  on  the  FUSl-mediated  PTK 
inhibition  and  the  direct  interactions  of  FUS1  with  PTK  and  Apafl  proteins 
together  with  the  current  findings  of  activating  mutations  of  EGFR  gene  in 
gefitinib-responders  in  NSCL  patients  and  the  role  of  these  mutations  in 
selectively  activating  cell  survival  signaling  and  blocking  pro-apoptotic  pathway 
by  other  researchers,  in  this  study  we  explored  the  capability  of  using  the 
multifunctional  FUS1  as  a  modulator  for  enhancing  chemotherapeutic  potency  of 
gefitinib  and  overcoming  gefitinib-resistance  by  simultaneously  inactivating  cell 
survival  and  proliferation  signaling  and  activating  proapoptotic  pathways  in  both 
gefitinib-sensitiveand  resistant  NSCLC  cells.  We  found  that  reactivation  of  wt- 


FUS1  by  Fl/SAnanoparticle-mediated  gene  transfer  or  treatment  with  a  wt-FUSI- 
derived  peptide  (wt-FP)  in  3p-deficeint  and  Gefitinib-resistantNSCLC  H1299, 
H358,  and  H460  cells  significantly  sensitized  these  cells’  response  to  Gefitinib 
treatment,  as  demonstrated  by  a  more  than  additive  inhibitory  effect  on  tumor  ceil 
growth  and  a  synergistic  induction  of  apoptosis.  An  enhance  growth  inhibition 
was  also  observed  in  gefiti nib-sensitive  HCC827(wlth  an  activating  mutation  of 
EGFR)  and  HI 81 9  (with  amplification  of  EGFR)  cells  co-treated  with  FUS1- 
nanoparticles  and  a  very  iow  dose  of  gefitinib  (at  a  level  of  ICto).  A  marked 
inhibition  on  activities  of  phosphorylated  EGFR  and  Erk  proteins  was  also 
detected  in  cells  treated  by  FUSI-nanoparticle  or  wt-FP  alone  or  in  combination 
with  gefitinib,  as  demonstrated  by  Western-blot  analysis  with  phosphor-EGFR  or 
Erk-specific  antibodies.  Our  results  suggest  that  the  wt-FusI  may  play  a  critical 
role  in  modulating  the  sensitivity  of  tumor  cells  to  the  chemotherapeutic  agents 
such  as  PTKIs  and  that  a  combination  treatment  of  the  FUS1  -nano particle- 
mediated  molecular  therapy  with  these  small  molecule  chemotherapeutics  may 
be  an  efficient  treatment  strategy  for  lung  cancer.  This  abstract  is  supported  by 
grants  of  NIH  NCI  (SPORE  P50CA70907)  and  DOD  (TARGET,  DAMD17002-1- 
0706). 
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Abstract  #3516 

Synergistic  tumor  suppression  by  coexpression  of 
FUS1  and  p53  concurrences  with  FUS1 -mediated 
down  regulation  of  MDM2,  accumulation  of  p53,  and 
activation  of  Apafl -dependent  apoptotic  pathway  in 
human  NSCLC  cells 

Wuguo  Deng,  Futoshi  Uno,  John  D  Minna,  Jack  A.  Roth  and  Lin  Ji 

UT-MD  Anderson  Cancer  Center,  Houston,  TX  and  UT  Southwestern  Medical  Center,  Dallas,  TX 

FUS1  is  a  novel  tumor  suppressor  gene  (TSG)  identified  in  human  chromosome 

3p21.3  region  where  allele  loss  and  genomic  alterations  are  frequently  found  in  a 

wide  spectrum  of  human  cancers  and  occur  at  the  earliest  stage  of  cancer 

development.  Loss  of  expression  and  deficiency  of  posttranslational  modification 

of  FUS1  protein  have  been  found  in  a  majority  of  NSCLCs  and  in  almost  all 

SCLCs.  Restoration  of  wt-FUSI  function  in  3p21. 3-deficient  human  lung  cancer 

cells  by  adenoviral  vector-  or  DOTAP: cholesterol  nanoparticle-mediated  gene 

transfer  inhibits  the  growth  of  these  tumor  cells  by  induction  of  apoptosis  and 

alteration  of  ceil  kinetics  in  vitro  and  in  vivo.  We  previously  also  noticed  that  the 

tumor  suppression  function  of  FUS1  as  well  as  several  other  potential  3p21.3 

TSGswere  directly  or  indirectly  dependent  of  p53  activity.  In  this  study,  we 

evaluated  the  combined  effects  of  FUS1  and  p53  on  tumor  cell  growth  and 

apoptosis  induction  in  NSCLC  cells  co-transfected  with  FUS1-  and  p53- 

nanoparticles  and  explored  molecular  mechanisms  of  their  mutual  actions  in  vitro. 

We  found  that  co-expression  of  wt-p53  with  the  wt-FUSI ,  but  not  the 

dysfunctional  myristoylation-deficient  mutant  (mt-FUSI),  synergisticaily  Inhibited 

cell  proliferation  and  induced  apoptosis  in  various  human  NSCLC  cells.  We  also 


found  that  co-expression  of  FUS1  and  p53  enhanced  the  sensitivities  of  NSCLC 
cells  to  treatments  with  the  DNA-damaging  agents  7-radiation  and  cisplatin. 
Furthermore,  we  found  that  the  observed  synergistic  tumor  suppression  by  FUS1 
and  p53  concurred  with  the  FUSI-mediated down-regulation  of  MDM2 
expression  and  the  resultant  accumulation  and  stabilization  of  p53  protein  as  well 
as  up-regulation  of  Apaf-1  expression  and  activation  of  caspase  cascade  in  Apaf- 
1 -associated  apoptotic  pathway  in  human  NSCLC  cells.  Our  results  therefore 
revealed  a  novel  molecular  mechanism  involving  FUSI-mediated  tumor 
suppression  function  and  its  interaction  with  other  cellular  components  in  the 
pathways  regulating  p53  and  Apaf-1  activities.  Our  findings  imply  that  a  treatment 
targeting  multiple  pathways  by  combining  functionally  synergistic  tumor 
suppressors  such  as  FUS1  and  p53  with  chemotherapy  or  radiotherapy  may  be 
an  effective  therapeutic  strategy  for  NSCLC  and  other  cancers.  This  abstract  is 
supported  by  grants  of  NIH  NCI  (SPORE  P50CA70907)  and  DOD  (TARGET, 
DAMD17002-1-0706). 


Experimental  and  Molecular  Therapeutics  29:  Nonviral  Gene  Therapy 
Approaches  to  Cancer 

Abstract  #3345 

A  novel  strategy  for  suppressing  toxicity-mediated  by 
systemic  delivery  of  DNA- nanoparticles 

Began  Gopalan,  Cynthia  1),  Branch,  Clifton  L.  Stephens,  Jack  A.  Roth  and 
Rajagopal  Ramesh 

UT  M.D.  Anderson  Cancer  Ctr.,  Houston,  TX 

Lung  cancer  remains  the  leading  cause  of  cancer  mortality  in  the  US,  Despite  the 
modest  improvement  in  survival  for  these  patients,  prognosis  remains  dismal. 

The  need  for  novel  approaches  remains  high  and  nanoparticle  based  gene 
therapy  holds  promise  in  this  area.  Therapeutic  responses  have  been  obtained  in 
animal  lung  tumor  models  when  DOTAP Cholesterol  (DOTAP:Chol)  based 
nanoparticle  formulation  carrying  the  FUS1  tumor  suppressor  gene  ( FUS1- 
nanoparticle)  was  delivered  by  intravenous  injection.  Based  on  our  findings  we 
have  recently  initiated  a  Phase-l  trial  for  systemic  treatment  of  lung  cancer. 
However,  a  major  problem  associated  with  systemic  delivery  of  DNA- 
nanoparticles  is  the  induction  of  acute  inflammatory  response  resulting  in  dose- 
limiting  toxicity  in  mice.  In  this  study,  we  have  investigated  the  molecularsignaling 
pathway  responsible  for  FUS /-nanoparticle  induced  inflammation  and  the 
protective  effects  of  the  anti-inflammatory  drug,  naproxen  on  FUS  /-nanoparticle 
associated  toxicity.  When  1 00  pg  of  FL/S/-nanoparticles  was  injected 
intravenously  into  immunocompetent  female  C3H  mice,  increased  TNF-a,  IL-6 
and  IFN-T  production  in  the  serum  and  organs  (lung,  liver,  and  spleen)  were 
observed  that  resulted  in  100%  mortality  within  48h  post  treatment.  Mortality  was 
not  observed  in  mice  injected  with  empty  nanoparticles  or  FUS1  plasmid  alone, 
Analysis  of  the  molecular  signaling  pathway  in  the  lungs,  liver  and  spleen 
revealed  activation  of  MAP  kinases  (p38MAPK,  and  pJNK),  NF-«B  and  STAT3. 


Activation  of  the  signaling  molecules  occurred  earlier  in  the  lungs  than  in  liver  and 
spleen  suggesting  that  the  pathways  were  differentially  regulated  in  various 
organs  and  in  a  time-dependent  manner.  Administration  of  single  clinically 
relevant  dose  of  naproxen  (15  mg/Kg)  prior  to  systemic  injection  of  FUS1- 
nanopartic!es{100  pg)  completely  protected  the  mice  resulting  in  100%  survival. 
Furthermore,  naproxen  significantly  inhibited  TNF-«,  IL-6  and  IFN-7  production  in 
the  serum  and  organs  of  Ft/S /-nanoparticles  treated  mice  compared  to  mice  that 
did  not  receive  naproxen  treatment.  Additionally,  naproxen  inhibited  activation  of 
the  signaling  molecules  (MAPK,  NF-kB,  STAT3  and  COX-2)  that  are  associated 
with  inflammation.  Histopathological  analysis  of  lungs  and  fiver  from  naproxen 
treated  mice  showed  reduced  focal  acute  pneumonities,  pulmonary  edema,  and 
mild  multifocal  acute  necrosis  of  the  liver,  compared  to  mice  that  were  not  treated 
with  naproxen.  These  results  show  for  the  first  time  the  ability  of  naproxen  to 
effectively  inhibit  the  toxicity  induced  by  systemic  delivery  of  DNA-nanoparticles 
and  thereby  deliver  higher  doses  of  the  therapeutic  gene,  Our  study  also  provides 
a  strategy  for  improving  the  systemic  delivery  of  DNA-nanoparticles  for  the 
treatment  of  non-small-cell  lung  cancer.  This  work  was  supported  in  part  by 
BESOT  Grant  (DAMD17-01-1-0689)and  TARGET  Grant  {DAMD 17-02-1 -0706). 


Experimental  and  Molecular  Therapeutics  42:  Circumventing  Drug 
Resistance 

Abstract  #5426 

Overcoming  gefitinib  resistance  in  NSCLC  via 
inactivation  of  the  PI3K/AKT  signaling  pathway  by  a 
combination  of  FUS1  nanoparticles  and  EGFR 
inhibitors. 

Hiroyuki  Kawashima,  Gitanjali  Jayacliandran,  Wuguo  Deng,  Kai  Xu,  John  D. 
Minna,  Jack  A,  Roth  and  Lin  Ji 

UT  M.D.  Anderson  Cancer  Center,  Houston,  TX  and  UT  Southwestern  Medical  Center,  Dallas, 

IX 

Gefitinib  (Iressa)  is  an  orally  active  epidermal  growth  factor  receptor  (EGFR) 
tyrosine  kinase  inhibitor  that  has  been  shown  to  be  clinically  effective  in  a 
subpopulation  of  non  small  cell  lung  cancer  (NSCLC)  patients.  Despite  initial 
responses  to  gefitinib  in  some  NSCLC  patients,  cancer  eventually  progresses  by 
unknown  mechanisms  of  acquired  resistance.  We  explored  the  use  of  the  novel 
tumor  suppressor  FUS1  to  enhance  the  chemotherapeutic  potency  of  gefitinib 
and  overcome  gefitinib  resistance  in  NSCLC.  We  found  that  reactivation  of  wild- 
type  FUS1  by  FUS1  nanoparticle-mediated  gene  transfer  into  F US  1 -deficient  and 
gefitinib-resistant  NSCLC  HI 299,  H322,  H358,  and  H460  cells  significantly  (P< 
0,001)  sensitized  their  response  to  gefitinib  treatment  and  synergistically  induced 
apoptosis  in  vitro  and  in  an  H322  orthotopic  lung  cancer  mouse  model.  To 
understand  the  mechanism  of  gefitinib-induced  resistance,  we  established  a 
gefitinib-resistant  HCC827GR  NSCLC  cell  line  (IC50  -  16  pM)  by  selecting 
against  gefitinib  from  the  parental  HCC827  cells  that  contain  an  activating 
deletion  mutation  of  the  EGFR  gene  and  are  extremely  sensitive  to  gefitinib 
treatment  (ICso  =  0.016  pM).  We  found  no  secondary  mutations  in  the  EGFR 


gene  in  the  HCC827GR  cells,  but  these  cells  registered  a  significantly  elevated 
level  of  phosphorylated  AKT  protein.  Combination  treatment  with  FUS1 
nanoparticles  and  gefitinib  at  a  dose  level  of  ICio  significantly  re-sensitized  the 
cells  to  gefitinib,  as  demonstrated  by  synergistioally  enhanced  growth  inhibition 
and  apoptosis.  FUS1  nanoparticle  treatment  alone  or  with  gefitinib  markedly 
inactivated  EGFR  and  AKT,  as  demonstrated  by  decreased  phosphorylation 
levels  of  both  proteins  on  Western  blots,  compared  with  either  agent  alone. 
Cleavage  of  caspase-3,  caspase-9,  and  PARP  was  also  significantly  induced  by 
the  combination  of  FUS1  and  gefitinib  in  HCC872GR  and  other  gefitinib-resistant 
NSCLC  cells.  Our  results  suggest  that  a  combination  treatment  of  FUSl 
nanoparticles  and  gefitinib  could  overcome  drug-induced  resistance  by 
simultaneously  inactivating  EGFR  and  the  AKT  signaling  pathway  and  by 
facilitating  apoptosis.  This  abstract  is  supported  by  grants  from  NCI  (SPORE 
P50CA70907)  and  DOD  (TARGET,  DAMD17002-1-0706). 


Cellular  and  Molecular  Biology  19:  Oncogenic  Mutations  and  Signaling 
Activation 

Abstract  #1460 

Interaction  of  the  tumor  suppressor  FUS1  with 
PDGFRB  inhibits  PDGFR-mediated  proliferation  of 
human  lung  cancer  cells 

Guangliu  Wu,  Wuguo  Deng,  Gitanjali  Jayachandran,  John  D.  Minna,  Jack  A.  Rotii 
and  Lin  Ji 

U.T.M.D.Anderson  Cancer  Center,  Houston,  TX  and  UT  Southwestern  Medical  Center,  Dallas, 
TX 

Platelet-derived  growth  factors  (PDGFs)  play  crucial  roles  in  diverse  biological 
processes  like  cell  migration,  proliferation,  apoptosis,  and  survival.  PDGFs 
activate  their  protein  tyrosine  kinase  (PTK)  receptors,  PDGFRa  and  PDGFRG, 
which  subsequently  stimulate  the  downstream  targets  MEK  and  ERK  to  activate 
PI3-K/Akt  signaling,  thus  promoting  ceil  survival  and  anti-apoptotic  processes  in 
many  cell  systems.  Blocking  constitutive  oncogenic  PDGFRswith  selective  PTK 
inhibitors  has  promoted  anti-angiogenesis  and  suppressed  tumor  proliferation  in 
vitro  and  in  animal  models  of  human  cancers.  FUS1  is  a  novel  tumor  suppressor 
gene  identified  in  human  chromosome  region  3p21.3,  where  genomic  and 
genetic  abnormalities  are  common  and  occur  early  in  the  development  of  many 
types  of  cancer.  We  previously  found  that  FUS1  protein  expression  was  deficient 
in  many  human  primary  lung  cancer  specimens  and  cell  lines  and  that 
reactivating  FUS1  in  3p21  [PDB]  .3-deficient  lung  cancer  cells  inhibited  their 
growth  and  induced  apoptosis,  in  part  by  inhibiting  the  activity  of  oncogenic  PTKs 
such  asc-Abl,  o-Kit,  and  PDGFR.  Here  we  examined  PDGFR  expression  in 
various  non-small  cell  lung  cancer  (NSCLC)  and  small  cell  lung  cancer  (SCLC) 
cell  lines  and  found  high  expression  of  PDGFRBbut  not  PDGFRa  in  almost  all 
cell  lines  tested.  Immunoprecipitation  and  immunobiot  analyses  showed  that 


FUS1  protein  interacted  directly  with  PDGFRft  but  not  with  the  PDGF  ligands. 
Forced  expression  of  wt-FUSI  by  nanoparticle-mediated  gene  transfer  in  the 
PDGFRfi-expressing  SCLC  H128  and  NSCLC  H358  cell  lines  inactivated 
PDGFR,  as  evidenced  by  significant  reductions  in  phospho-PDGFRIi  relative  to 
untransfected  or  LacZ-transfected  controls.  Levels  of  phospho-P13-K  and 
phospho-AKT  proteins,  downstream  targets  of  the  PDGF/PDGFR  signaling 
pathway,  were  markedly  reduced  as  well.  Finally,  combined  treatment  with  FUS1- 
nanoparticles  and  the  PTK  inhibitor  imatinib  (Gieevec)  synergistically  inhibited 
growth  and  induced  apoptosis  in  SCLC  and  NSCLC  cell  lines  that  contained 
highly  activated  phospho-PDGFRIi.  Our  results  suggest  that  the  interaction  of  the 
FUS1  protein  with  PDGFRfi  can  interrupt  PDGF/PDGFR  oncogenic  signaling, 
block  PDGFR-mediated  tumor  cell  survival,  and  inhibit  proliferation  by  promoting 
apoptosis  in  lung  cancer  cells.  These  findings  also  indicate  that  combination 
treatments  with  a  pro-apoptotic  tumor  suppressor  FUS1  and  selective  PTK 
inhibitors  may  be  a  useful  therapeutic  strategy  for  human  lung  cancer.  This  work 
was  supported  by  grants  from  the  NCI  (P50  CA709Q7)  and  Department  of 
Defense  (TARGET,  DAMD17Q02-1-0706). 


Cellular  and  Molecular  Biology  43:  DNA  Damage  and  Repair  2 
Abstract  #3527 

The  spatial  distribution  and  etiology  of  genomic 
instability  in  organotypic  bronchial  epithelial  cell 
cultures 

Walter  N.  Flittelman,  Guiying  Wang,  Ja  Seok  Peter  Koo  and  Tao  Lu 
UT  M.  D.  Anderson  Cancer  Ctr,,  Houston,  TX 

Chromosome  in  situ  hybridization  and  molecular  genetic  analyses  of  bronchial 
biopsies  of  smokers  demonstrate  genetic  instability  and  clonal/subclonal 
bronchial  cell  outgrowths  that  continue  despite  tobacco  cessation.  To  better 
understand  the  molecular  underpinnings  of  genomic  instability  in  the  lungs  of 
former  smokers,  an  organotypic  culture  model  was  established  whereby  bronchial 
epithelial  cells  at  different  stages  of  lung  tumorigenesiswere  plated  onto 
transwell-clear  culture  filter  inserts,  allowed  to  reach  confluence,  and  an  air-liquid 
interface  created.  The  cell  types  utilized  included  normal  human  bronchial 
epithelial  cells  (NHBE),  NHBE  cells  immortalized  (Jerry  Shay)  with  hTERT  and 
cdk4  (HccBE),  NHBE  cells  immortalized  (Klein-Szanto)  with  Adi  2/SV40 
(Beas2B),  and  immortalized  (1799),  transformed  (1198),  and  tumorigenic  (11701) 
carcinogen-treated  Beas2B  cells.  These  cultures  evolved  into  multi-layer  cultures 
resembling  normal  (NHBE  and  HccBE)  or  dysregulated  stratified  bronchial 
epithelium  (Beas2B,  1799,  1198, 11701).  Confocal  microscopy  of  cultures  after 
BrdU  pulse  labeling  or  phospho-histone  H3  (P-H3)  immunostaining  demonstrated 
that  NHBE  ceiis  preferentially  undergo  DNA  synthesis  and  mitosis  at  the  basal 
layer,  HccBE  cells  proliferate  at  the  basal  and  peribasal  layers,  whereas  more 
advanced  bronchial  epithelial  cells  proliferate  throughout  the  multi-layer  cultures. 
Examination  of  anaphase  cells  in  these  populations  by  propidium  iodide  staining 
and  confocal  microscopy  demonstrated  that  NHBE  ceils  showed  less  than  2% 


anaphases  with  either  lagging  chromosomes  or  chromosome  bridges  compared 
to  more  than  10%  in  other  cell  types.  Visualization  of  mitotic  figures  with  P-H3 
immunostaining  demonstrated  that  P-H3  staining  was  strong  at  metaphase  and 
uniformly  disappeared  during  anaphase  in  cells  at  the  basal  layer,  whereas  P-H3 
staining  was  not  uniform  in  cells  dividing  away  from  the  basal  layer  with  lagging 
chromosomes  and  chromosome  bridges  differentially  P-H3-positive  in  late 
anaphase.  To  determine  when  the  chromosome  regions  involved  in  aberrations 
had  been  replicated,  cultures  were  pulse-labeled  with  BrdU,  harvested  at  various 
times  following  the  pulse  label;  and  analyzed  for  BrdU  staining  patterns  of  the 
lagging  chromosomes  and  chromosome  bridges.  More  than  90%  of  the  aberrant 
chromosome  regions  were  labeled  in  cells  harvested  3-4  hours  after  BrdU 
labeling  (Le.,  replicated  in  late  S  phase)  whereas  less  than  60%  were  labeled  at 
9-10  hours  after  BrdU  labeling  (i.e.,  replicated  in  early-mid  S  phase).  These 
results  suggest  that  proliferation  away  from  the  basal  layer  in  these  organotypic 
cultures  is  associated  with  increased  genomic  instability,  possibly  associated  with 
dysregulated  cell  cycle  control  and  abnormal  mitotic  progression.  Supported  in 
part  by  DAMD  17-02-1-0706  and  W81XWH-04-1-01-42,  and  NIH/NCI  P01  CA- 
91844  and  EDRN  CA-86390. 
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Assessment  of  subclonal  evolution  in  human  bronchial  epithelial  cell  lines  progressing 
toward  malignancy  by  fluoresence  inter-simple  sequence  repeat  PCR 

Tao  Lu,  Walter  N.  Hittelman.  UT  MD  Anderson  Cancer  Center,  Houston,  TX. 

Tumors  of  the  acrodigestive  trad  reflect  a  field  cancerization  process  whereby  carcinogen-exposed 
tissue  progresses  through  a  multistep  process  of  clonal  evolution  driven  by  genetic  instability  and 
chronic  wound  healing.  Prior  chromosome  in  situ  hybridization  studies  on  bronchial  biopsies  of  current 
and  former  smokers  demonstrated  the  presence  of  chromosome  changes  throughout  the  exposed 
epithelial  field.  Spatial  chromosome  and  molecular  analyses  of  the  bronchial  epithelium  suggested  that 
with  chronic  tobacco  exposure,  the  lung  become  a  mosaic  of  clones  and  subclones,  the  extent  of  which 
is  related  to  the  degree  and  duration  of  tobacco  exposure.  These  clones/subclones  remain  for  years 
following  smoking  cessation.  Because  a  high  frequency  of  subclonal  outgrowths  are  found  in  normal 
and  premalignant  epithelium  adjacent  to  lung  tumors,  it  is  postulated  that  an  assessment  of  the  degree  of 
genetic  instability  and  clonal  outgrowth  in  the  bronchial  epithelium  of  smokers  may  provide  a  risk 
marker  for  lung  cancer  development.  We  sought  a  quantitative  technique  with  sufficient  dynamic  range 
that  could  be  used  to  probe  bronchial  epithelium  for  the  frequency  of  clonal/subclonal  outgrowths. 
Fluorescence  inter-simple  sequence  repeat  PCR  (ISSR-PCR)  is  a  DNA  fingerprinting  technique 
whereby  unique  sequences  between  simple  sequence  repeat  segments  are  amplified  leading  to  a  series  of 
bands  on  a  DNA  sequencing  gel.  Genetic  changes  such  as  deletions,  insertions,  and  rearrangements  in 
the  unique  sequences  lead  to  changes  in  the  number  and  locations  of  bands.  The  numbers  of  bands 
changed  from  normal  reflect  the  accumulated  numbers  of  clonal  alterations.  To  test  the  feasibility  of  this 
approach  for  quantifying  clonal  changes  during  malignant  development,  we  applied  ISSR-PCR  (using 
two  sets  of  fluorescence-labeled  oligo  primers  with  two  anchor  nucleotides  at  the  3'  end  of  a  (CA)8- 
repeat)  to  four  sequentially  evolved  lung  cell  lines  derived  from  large  T-antigen  immortalized  normal 
human  bronchial  epithelial  cells  (Beas-2B),  grown  in  vivo  (1799),  treated  with  cigarette  smoke 
condensate  (1 198),  and  evolved  to  cancer  (11701).  We  observed  7  altered  bands  from  Beas-2B  to  1799, 

3  additional  bands  to  1 198,  and  3  additional  bands  to  1 1701.  For  comparison  of  dynamic  range,  we 
carried  out  a  preliminary  microsatellite  LOH  analyses  using  .5  primer  pair  sets  (2  for  chromosome  (Chr) 
3pI4. 2  for  Chr  9p21,  and  1  for  Chr  13ql4)  and  found  a  total  of  2  changes  between  Beas-2B  and  11701 
cells.  These  results  suggest  that  ISSR-PCR  has  promise  for  quantifying  the  extent  of  subclonal 
outgrowth  in  cell  populations  and  may  prove  useful  in  the  assessment  of  lung  cancer  risk  when  applied 
to  the  analysis  of  bronchial  epithelium.  Supported  in  part  by  DAMD17-02-1-0706,  CA-68437, 
CA70907,  and  EDRN  NCI  CA-86390. 
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Qualitative  fluo  rescenee  in ter-simpk;  sequence  repeat  PGR  (FISSR4?CR)  for 
■suiyclouai  amifysis  of  hr  on  cilia  I  celt  pop  illations 


Tao  Lu  and  Walter  is.  Hiltelman.  'J-fre  L'niv.vf  Texas  MD  Aiuhirsou  Caneer  Center,  Houston,  71Y, 

•  Tuiw>rtgenesis:is  3"p  recess  ofeutnuladvetcklfia  1  trolls-; 

driven  by  genetic  instability.  Quantitative  assessment  ohhe  frequency  :tacl  complexity  of  clonality  in  - 
pre-nialigaani  liswnes  in;vy;lhcr«fore  provide- -cancer  ..risk  informa  (ion,  lotpr-Simple  Sequenet? Repeat : : 

FCR  (ISSR-PCR)  <s  a  ON  A  fingeqirinriiig  technology  that  lias  proven  usef.ul  for  quanti  fying  clonal 
Changes  in  human  tumors.  PTSSR  -PCR  involves -the  same  techno  logy  as  ISSR-PCR  except  that..  ; 
iluorescciice-dye  labeled  oligonucleotide  primers  me  utilized  and  the  PGR.  products  are  analyzed  using 
the  Am  3?7f>r4X  Sequencer.  We  previously  demonsti  cited  that  FLSSR-FCR  could  distinguish  doijaf 'A 
(nitgrowlhs  of  broneliial  epithelial  clones  derived  from  single  cells..  The  puipose  of  this  study  was  to  ■  - 

d-stcrminc  tlie  sensitivity. of  FISSR-fpCR  to  doled  subelonul  vinialion  in  populations  of  btoncSiiai  • 

:  epi  thelial  cells,  To  this  end,  DMA  of  single  cell  clones  with  gains  atul  losses  at  known  loci,  previously  :  y 
isolated  from  lung  epithelial  Bcas.  2B  and  1 1701  cell  linos,  wore  mixed  together  in  different  proportions' 
at  16%  increments  to  ..mimic  cell  populations  with  Afferent  degrees  of  subclonai  variation.  Following  gel 
separation  and  fluorescence  quantitation  bfsize  (he,,  migration^  ahd  reldlivc"fiitiotint,(peak  skfe)  oTthe i'X 
resultant  PCR  fragments, . the  DNA  hand  profiles  were  altgusd  on  the  basis  of  the  largest  cluster  of 
cijmmoubandsNThe.seansderiv.edhointhcvarioiA.eelfhnxiureswere  thcnTconipared-oifthehasisqr;  _> 
normalized  peak  heights,  For  common  peaks  between  variant  cell  populations,.- Ihe-sltmdard-doviation : 
was  (bmid  tube  less  (ban  10%  of  thc; absolute meai;- value  (data  from  triplicates  of  t ;l. population  --.-..A 

mixture  reactions).  On  the  other  hand,  the:  relative,  peak  height  of  known  'Variant  bands  varied  linearly-  '  • 
with  me  relative  rario-of  coll  mixtures  (linear  regression  ahalysis.:R^  ^0,9g).  Based  on  these  studies,  a 
oliunge  in  relative  peak  height  uf  20% -was  sufficient  to  detect,  tile  presence  of  a  subclonal  variant-.  This  : 
suggests  tlrai  FISSI^.RCR  may  pro vicle  a  sensitive  teclinique  for  quantifying  olontsl  variation  in  bronclaal 
epithelial  cell  popuiations-aiid  may.  prove  useful  for  cancer  fisklassessmerik  Supported  impart  by  Ay-TV 
BAMD17-O2-1-07O6,  CA-68437-,  and  0X70907,  .  -  A1.  ’  \  ■  A  A  b,:v  l  V;;>Ad 
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Epidemiology  5:  Biomarkers  of  Human  Exposure  to  Tobacco 
Abstract  #2230 

Detection  of  clonal  and  subclonal  outgrowths  in  the 
upper  aerodigestive  tract  of  current  and  former 
smokers  with  lung  cancer 

Tao  Lu,  Ignacio  I.  Wistuba  and  Walter  N.  Ilittelman 
UT  M.  D.  Anderson  Cancer  Ctr.,  Houston,  TX 

Our  prior  results  using  chromosome  in  situ  hybridization  suggested  the  existence 
of  genetic  instability  and  clonal/subclonal  mosaicism  in  the  bronchial  epithelium  of 
current  and  former  smokers  without  cancer.  To  verify  these  resuits  by  an 
independent  methodology  and  to  develop  an  assay  system  to  quantitatively 
detect  clonal/subclonal  variations  with  high  sensitivity  and  dynamic  range,  we 
adapted  and  modified  the  technique  of  fluorescence  simple-sequence  repeat 
PCR  (FISSR-PCR)  so  that  as  little  as  500  cell  groups  could  be  analyzed.  We 
microdissected  groups  of  cells  from  the  stroma  (from  1  to  8  regions  per  case), 
adjacent  bronchial  epithelium  (from  1  to  10  regions  per  case),  and  tumor  (from  1 
to  12  regions  per  case)  from  frozen  tissue  sections  of  resected  lung  cancer 
specimens  from  1 1  patients  with  a  history  of  tobacco  exposure.  Genomic  DNA 
was  extracted  from  the  microdissected  cells  and  subjected  to  FISSR-PCR 
analysis  using  a  Fam-(CA)aRG  primer.  Lung  tumor  regions  exhibited  a  relatively 
high  degree  of  clonal/subcional alterations  (median,  7,2;  range,  2  to  25  DNA 
band  changes)  and  heterogeneity  when  compared  to  normal  stromal  regions. 
Bronchial  epithelial  cells  in  the  field  of  lung  tumors  also  showed  evidence  of 
clonal/subcional  outgrowths,  albeit  fewer  than  that  observed  in  the  lung  tumor 
regions  (median,  2.5;  range,  0  to  7  DNA  band  changes).  Of  interest,  there  was  a 
correlation  between  the  number  of  band  changes  in  the  tumor  and  bronchial 
epithelium  within  individual  lung  tumor  specimens  (linear  regression  analysis,  R2 


=  0.56).  In  some  cases,  a  common  subset  of  band  changes  was  observed  in  the 
bronchial  epithelium  and  associated  lung  tumor,  suggesting  a  precursor-tumor 
relationship.  In  other  cases,  distinct  band  changes  were  observed  in  the  adjacent 
epithelium  that  were  not  present  in  the  associated  tumor  regions,  suggesting 
multifocalityof  initiated  clones.  Significantly,  we  also  detected  cional/subclonal 
populations  in  the  lung  stroma,  albeit  at  a  lower  frequency  than  that  observed  in 
the  bronchial  epithelium  (median,  1.8;  range,  from  0  to  4  DNA  band  changes). 
These  results  provide  further  support  to  the  prior  finding  of  clonai  and  subclonal 
outgrowths  in  tobacco-exposed  lung.  These  results  also  suggest  the  extent  of  the 
multifocal  changes  can  be  quantified  by  F1SSR-PCR  analysis  and  might  be 
exploited  in  the  future  for  assessing  lung  cancer  risk  in  current  and  former 
smokers.  Supported  in  part  by  DAMD1 7-02-1-0706,  NIH/NCI  CA-91844,  and 
EDRN  NCI  CA-86390. 
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Abstract  #462 

Existence  of  clonal  and  subclonal  outgrowths  in  the 
bronchial  epithelium  and  stroma  of  current  smokers 

Tao  Lu,  Ignacio  I.  Wistuba  and  Walter  N.  Ilittelman 
UT  MD  Anderson  Cancer  Center,  Houston,  TX 

The  identification  of  individuals  at  high  risk  for  lung  cancer  is  critical  for 
individualized  clinical  management  and  is  Important  for  the  identification  of 
suitable  subjects  for  chemoprevention  trials.  Using  chromosome  in  situ 
hybridization  (CISH)  technology,  we  previously  demonstrated  the  presence  of 
chromosomal  instability  and  multifocal  clonal/subclonal  outgrowths  in  the 
bronchial  epithelium  of  current  and  former  smokers.  We  also  verified  the 
presence  of  these  clonal/subclonal  outgrowths  in  normal-appearing  bronchia! 
epithelium  in  lung  cancer  resections  using  fluorescence  inter-simple  sequence 
repeat  PCR  (F1SSR-PCR)  analysis,  a  DNA fingerprinting  methodology.  To 
evaluate  and  compare  FiSSR-PCR  and  CISH  technologies  for  accessing  genetic 
instability  and  clonal/subclonal  outgrowth,  we  subjected  frozen  bronchial  biopsies 
obtained  prior  to  entry  onto  a  chemoprevention  trial  to  FISSR-PCR  analysis  from 
sixteen  (16)  current  smokers  without  lung  cancer.  The  group  of  biopsies  from 
these  same  individuals  have  previously  been  analyzed  by  CISH  and  exhibited  a 
wide  range  of  chromosomal  changes.  Multiple  regions  {i.e.,  1-4  areas  each)  of 
bronchial  epithelium  and  stroma  were  microdissected,  and  purified  genomic  DNA 
was  analyzed  by  FISSR-PCR  using  three  sets  of  primers  ((CA)aRG,  (CA)aRY, 
and  (AGC^Y),  providing  a  maximum  of  350  informative  DNA  bands  of  varying 
lengths.  Overall,  we  detected  from  0  to  55  total  band  changes  per  microdissected 
epithelial  region  (median  =1.6  per  100  DNA  bands).  Different  regions  within  the 
same  bronchia]  biopsies  showed  both  common  and  distinct  DNA  band  changes, 
suggesting  subclonal  variations  even  within  a  single  biopsy.  We  also  detected 


from  0-20  total  band  changes  per  microdissected  stromal  region  (median  =  1,0 
per  100  DNA  bands),  suggesting  the  presence  of  clonal  outgrowths  even  in  the 
stroma.  Interestingly,  bronchial  biopsies  with  high  clonal  frequencies  showed 
increased  clonal  change  in  the  associated  stroma  (p  =0.04,  two-tailed  chi 
square).  Importantly,  bronchial  biopsies  from  individuals  showing  high  clonal 
changes  by  FISSR-PCR  also  showed  evidence  of  high  clonal  change  by  CISH 
(R2  =  0.3).  These  results  confirm  the  existence  of  clonal/subclonal  outgrowths  in 
both  the  bronchial  epithelium  and  stroma  of  smokers.  With  future  improvements 
in  microdissection,  automated  genomic  DNA  extraction,  and  DNA  sequencing, 
FISSR-PCR  has  potential  to  be  a  sensitive  method  with  high  dynamic  range  to 
detect  clonal/subclonal  outgrowths  in  lung  tissue.  Such  a  methodology  may  be  of 
use  in  identifying  individuals  at  high  risk  for  developing  lung  cancer.  Supported  in 
part  by  DAMD1 7-02-1-0706,  NIH/NC1  CA-91844,  and  EDRN  NCI  CA-86390. 
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antivascular  effects  of  radiation  therapy  in 
an  orthotopic  mouse  model  of  human  lung  cancer 


Keiko  Shibuya,  Ritsuko  Komaki,  Tomoaki  Shintani,  Weujuan  Wu,  Satoshi  Itasaka,  Takeshi  Isobe, 
Anderson  J,  Ryan,  Roy  S.  Herbst  and  Michael  S.  O’Reilly 

University  of  Texas,  Houston,  TX  and  AstraZeneca,  Macclesfield,  United  Kingdom 


Chemoradiotherapy  is  considered  to  be  the  standard  treatment  for  locally  advanced  NSCLC,  but  its 
therapeutic  success  is  limited.  ZD6474  targets  two  key  pathways  in  tumor  growth  by  selectively 
inhibiting  VEGFR  and  EGFR  tyrosine  kinase  activity.  We  evaluated  the  feasibility  of  combining 
ZD6474  with  radiation  therapy  (RT)f  and  compared  this  with  chemoradiation,  in  an  orthotopic  model  of 
human  NSCLC.  The  left  lungs  of  nude  mice  (n  —  8  per  group;  experiment  repeated  twice)  were  injected 
with  human  lung  adenocarcinoma  cells  (NCI-H44I)  and  after  8  days  of  tumor  growth,  mice  were 
randomized  to  one  of  six  treatment  regimens:  low-dose  ZD6474  (15  mg/kg  daily  p.o.);  RT  (4  Gy 
fractions  3  times/week  to  20  Gy);  paclitaxel  (Pac;  200  |ig  weekly  i.p.);  ZD6474  +  RT;  Pac  +  RT;  or 
vehicle.  The  experiment  was  terminated  when  the  control  group  began  to  show  signs  of  morbidity. 
Tumor  burden  was  assessed  by  lung  and  tumor  weight,  and  pleural  effusion  volume.  Tumor  and  adjacent 
tissues  were  analyzed  by  immunohistochemical  staining  for  CD-31,  VEGF,  VEGFR-2,  EGF,  EGFR, 
MMP2,  MMP9  and  JJFGF.  Lung  and  tumor  weight  (mg)  of  mice  treated  with  vehicle,  RT,  Pac,  Pac  + 

RT,  ZD6474,  or  ZD6474  +  RT  was  840  ±  220, 437  ±  49.6,  518  ±  100,  356  dt  37.3,  371  ±  59.7  and  271  ± 
12.4  (P=0,032  vs  Pac  +  RT),  respectively.  Pleural  effusion  (pi)  in  mice  treated  with  vehicle,  RT,  Pac  + 
RT  or  ZD6474  +  RT  was  745  ±  1 12,  565  ±  99.4,  246  ±  69.4  and  14.2  ±  4.8,  respectively.  Compared  with 
vehicle,  combined  therapy  with  ZD6474  +  RT  enhanced  tumor  (12  ±  4.1  us  1.3  ±  0.2%)  and  endothelial 
cell  (9.4  ±  2.3  us  0.3  ±  0.3%)  apoptosis,  and  suppressed  tumor  (8.8  ±  1,2  us  33  ±  3.8%)  and  endothelial 
cell  (5.4  ±  3.0  us  27  ±  3.5%)  proliferation.  Microvesscl  density  of  lung  primary  tumors  in  vehicle,  RT, 
Pac  +  RT,  and  ZD6474  +  RT  treated  groups  was  55  ±  3.3,  52  ±  7.3,  3 1  L  3.5  and  1 6  ±  1 .9,  respectively. 
Expression  of  VEGF  and  EGF  significantly  decreased  after  ZD6474  treatment  (PcO.0001  and  <0.001  us 
vehicle,  respectively).  Expression  of  VEGFR-2  significantly  increased  after  RT  (P0.0001  vs  vehicle), 
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but  this  was  offset  by  combined  treatment  with  ZD6474.  Expression  of  EGFR  increased  after  RT  or  Pac 
treatment,  but  not  after  ZD6474  treatment.  A  marked  increase  in  expression  of  BFGF  was  observed  after 
RT  or  Pac,  but  the  RT -induced  increase  was  offset  by  administration  of  ZD6474.  Expression  of  MMP2 
and  MMP9  was  induced  by  Pac,  but  not  RT,  and  the  Pac-induced  increase  was  reduced  by  ZD6474. 
Targeted  inhibition  of  VEGFR  and  EGFR  with  low-dose  ZD6474  significantly  enhances  the 
antiangiogenic,  antivascular  and  antitumor  effects  of  RT  for  human  lung  cancer  growing  orthotopically 
in  mice.  Furthermore,  low-dose  ZD6474  +  RT  showed  greater  antitumor  and  antivascular  effects  than 
Pac  +  RT.  These  data  strongly  suggest  that  it  will  be  prudent  to  include  certain  targeted  agents  in  the 
multimodality  management  of  lung  cancer. 
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Experimental  and  Molecular  Therapeutics  48: 

Antiangiogenesis  and  Antivascular  Agents 
Abstract  #5844  | 

ZD6474  inhibits  human  lung  cancer  bone  , 
metastases  in  a  murine  model  by  targeting  > 
both  the  tumor  and  its  vasculature 

Tomoaki  Shiutaui,  Valerae  O.  Lewis,  Ritsuko  Komaki,  Wenjuan  Wu,  Anderson  J.  Ryan, 

Roy  S.  Herbst  and  Michael  S.  O’Reilly 

University  of  Texas,  Houston,  TX  and  AstraZeneca,  Macclesfield,  United  Kingdom 

The  vascularization  and  growth  of  primary  and  metastatic  lung  cancer  is  influenced  by  tumor 
microenvironment.  We  have  previously  shown  that  ZD6474,  a  selective  inhibitor  of  VEGFR  and  EGFR 
tyrosine  kinase  activity,  was  effective  alone  and  with  paclitaxel  (Pac)  chemotherapy  in  an  orthotopic 
model  of  human  lung  cancer.  Thepuipose  of  the  current  study  was  to  evaluate  and  characterize  therapy 
against  VEGFR  and/or  EGER,  alone  and  in  combination  with  Pac,  in  a  human  lung  cancer  bone 
metastasis  model  that  mimics  clinical  patterns.  To  develop  the  model,  human  lung  adenocarcinoma 
(PCM)  cells  were  injected  into  the  tibias  of  nude  mice,  Digitized  radiographic  imaging  (Faxitron)  of  the 
tegs  was  performed  weekly.  When  lytic  bone  lesions  were  observed,  mice  (7-9  per  group)  were 
randomized  to  one  of  six  treatment  regimens:  ZD6474  (25  mg/kg  daily  p.o.);  gefitinib  (50  mg/kg  daily 
p.o.);  Pac  (200  pg  weekly  i.p.);  concomitant  ZD6474  +  Pac;  concomitant  gefitinib  +  Pac;  or  vehicle 
(Table),  Therapy  was  continued  until  signs  of  the  onset  of  morbidity  were  observed  in  controls.  Analysis 
of  tumor  (TUNEL)  and  endothelial  (TUNEL/CD31)  apoptosis  demonstrates  that  ZD6474  ±  Pac  induced 
comparable  tumor  cell  apoptosis,  while  endothelial  cell  apoptosis  was  maximal  in  ZD6474  (12.6  ± 

3.7%)  vs  ZD6474  +  Pac  treated  tumors  (2.9  ±  1.4%,  T’cO.OOl).  Tumor  cells  expressed  EGFR,  but  not 
activated  EGFR.  Both  the  tumor  and  endothelial  cells  expressed  VEGFR-2,  and  ZD 6474  significantly 
inhibited  VEGFR-2  activation  (PO.01).  In  a  repeat  experiment,  different  sequences  of  ZD6474  and  Pac 
administration  (concurrent  or  ZD6474  before  or  after  Pac  for  2  weeks)  were  compared  in  the  bone 
metastasis  model.  The  antagonism  of  the  antitumor  effect  of  ZD6474  by  Pac  was  independent  of  their 
sequence  of  administration.  In  summary,  we  have  developed  a  murine  model  to  study  the  biology  and 
therapy  of  lung  cancer  bone  metastasis,  and  show  that  ZD6474  can  effectively  treat  lung  cancer  bone 
metastases  by  targeting  both  the  tumor  and  its  associated  vasculature,  Surprisingly,  our  data  in  this 
tumor  model  show  that  Pac  can  antagonize  these  effects  of  ZD6474  in  the  bone  microenvironment,  and 
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Effect  of  treatments 

Parameter 

Vehicle 

ZD6474 

Z06474 * 
Pac 

GefflMb 

Gelilinib* 

Pas 

Pat 

Tumor  weight  (%  of 
control) 

- 

22 

53 

101 

101 

74 

Tumor  volume  of 
control) 

- 

14 

43 

67 

81 

57 

Mieroveseal  density 

33  ±15 

14* 

1.6 

24  ±  4.0 

32  *3,2 

26*1.8 

30*3.8 

Tumor  cell  proliferation 

113* 

74* 

86  ±5.2 

116* 

106*7.2 

110* 

(PCNA) 

5.2 

5.8 

6.5 

6.2 
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Biology  and  therapy  of  human  small  cell  > 
lung  cancer  (SCLC)  in  novel  orthotopic  ► 
nude  mouse  models 

Takeshi  Isobe,  Amir  Onn,  Wenjuan  Wu,  Tonioald  Sliintani,  Satoshi  Itasaka,  Keiko  Shibuya, 
Waun  K,  Hong,  Michael  S.  O’Reilly  and  Roy  S.  Herbst 

UT M.  D,  Anderson  Cancer  Center,  Houston,  TX 


Google  Scholar 
Articles  by  Isobe.  T, 

Articles  citing  this  Article 
PubMed 

Articles  bv  Isobe.  T. 

Artie 


SCLC  is  one  of  the  most  aggressive  phenotypes  of  human  lung  cancer  and  conveys  a  poor  prognosis  due 
to  the  limited  efficacy  of  existing  treatment  strategies.  To  provide  clinically  relevant  strategics  for 
studying  new  therapeutics  and  tumor  biology,  we  developed  three  orthotopic  models  of  human  SCLC  in 
nude  mice.  Three  different  human  SCLC  cell  lines  (HG9A,  a  variant  oftheNCI-H69  cell  line  selected 
for  invasiveness  in  vitro  on  semisolid  agarose;  NCI-H187;  and  NCI-N417)  were  studied.  Tumor  cells 
(1.5x1 06  cells  in  growth  factor  reduced  Matrigcl)  were  injected  into  the  left  lung  of  anesthetized  nude 
mice.  Tumors  developed  within  8  to  12  weeks  and  new  cell  lines  were  established  from  the  lung  tumors 
(H69ALu,  H187Lu,  and  N417Lu)  to  select  for  a  reproducible  growth  pattern  for  the  orthotopic  tumors 
and  to  minimize  variation  of  tumor  size.  For  each  model,  tumors  started  as  a  solitary  mass  in  the  left 
lung  tumor  that  then  spread  to  mediastinal  and  axillary  lymph  nodes,  and  to  the  right  lung  in  a  pattern 
similar  to  that  observed  in  the  clinic.  N417Lu  and  H187Lu  formed  a  100  mm3  left  lung  mass  within  30- 
40  days  of  injection,  and  mice  were  moribund  within  50  to  60  days  of  injection.  H69ALu  tumors 
reached  a  volume  of  100  mm3  within  60  days  of  injection  and  mice  became  moribund  within  4  to  6 
months,  All  tumors  larger  than  100mm3  expressed  the  proangio genic  factors  bFGF  and  IL-8  (at  the 
tumor  periphery),  and  VEGF/VPF  (tumor  center  and  periphery),To  compare  the  efficacy  of  different 
chemotherapeutic  agents  in  each  of  our  models,  groups  of  mice  (n  =  5)  were  randomized  to  weekly  i.p. 
treatment  with  saline  (control),  6  mg/kg/mouse  of  cisplalin  (CDDP),  50  mg/lcg/mouse  of  paclitaxel,  125 
mg/kg/mouse  of  irinotecan  (CPT-1 1),  or  40  mg/kg/mouse  of  etoposide.  Therapy  was  initiated  on  day  10 
(H187Lu  and  N417Lu)  or  day  20  (H69ALu)  after  tumor  injection  coincident  with  the  formation  of 
microscopic  lesions.  Therapy  was  well  tolerated  and  mice  were  killed  after  five  (H187Lu  and  N417Lu) 
or  seven  (H69ALu)  weeks  of  therapy.  Tumor  burden  was  assessed  by  lung  and  tumor  weight  (g)  and 
primary  tumor  volume  (mm3).  CPT-11  significantly  inhibited  the  growth  and  progression  of  N417Lu 
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tumors  as  compared  to  control  (lung  and  tumor  weight  0,23  ±  0,01  vs.  0.62  ±  0.15,  p  =  0.02;  tumor 
volume  0.3  ±  0.1  vs.  364  ±  156,  p  =  0,03)  and  CDDP  significantly  inhibited  the  growth  and  progression 
ofH69ALu  tumors  as  compared  to  control  (tumor  volume  0.3  ±  0. 1  vs.  100  ±  0.01 ,  p  =  0.04).  The 
development  of  our  orthotopic  models  of  SCLC  provides  a  better  understanding  the  biology  of  this 
disease  and  will  enable  evaluation  of  novel  therapeutic  strategies  (supported  by  a  grant  from  the 
Department  of  Defense  (DAMD  17-02-1-0706  to  W.K.H.). 
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ZD6474  ENHANCES  THE  ANTICANCER  EFFICACY  01?  PACUTAXEL  IN 
HUMAN  LUNG  CANCER  MODELS 


Weriiiian  Will  Amir  Qmi,  Tomoaki  Shlntani,  S,  (VReilly  &  Roy  S,  Hcrbst 

Dcpartmmt  of  Cancer  Biology,  Radiation  Oncology,  and  Thor  acid  Head  ami  Neck  Medico!  Oncology,  The  University  of 
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Backgtvumt;  Vascular  endothelial  growth  factor  (VEOF)tuul  epidermal  growth  factor  (EOF)  m  critical  survival  factors  for 
lumouMJs&otiitfcd  endothelial  cells  and  tumour  colls,  resjiecUvely  ZD6474  is  a  small  molecule  inhibitor  of  VEGFlt“2 
tyrosine  Wmm  willi  ^dcfitiomil  activity  against  EGFR  tyrosine  kinase  tltul  lias  shown  antitumour efftetoy  in  a  broad  range  of 
tumour  models,  Materials  ami  Methods:  The  effect  of  ZDG474  plus  padifaxcl.  was  assessed  in  vitro  using  human  lung 
udcnocardnnmii  cells,  NCR-1441,  ami  mouse  lung  endothelial  cells  (MLEOs)*  In  vivo  assessments  were  performed  using  an 
orlhotopio  NCI-H441  mouse  model,  which  closely  mimics  the  patterns  of  growth  and  metastasis  observed  in  Hie  clinic, 
lYttument  with  ZP6474  alone  (12*5  mgftg,  po*  daily),  pidilaxei  alone  1 150  gg/mouse,  Lp  weekly),  ora  combination  of 
ihc  two  agents  was  initiated  on  day  5  posHmpIftuUUion.  Results:  In  \itro,  the  presence  of  VBGF  or  EGF  decreased 
pacltecMnduoed  nixsptosis  hi  NC1-H44 1  mid  MLEGs*  ZP6474  trealment  prevented  this  effect  and  decreased  Hie  IGjq  of 
pncltfaxei  twofold,  In  ww,  the  most  significant  antitumour  eflteft  were  seen  in  animals  receiving  combined  ZDM74  and 
iMolltflxoJ  itmpy*  The  bug  weights  in  control,  ZD6474,  paeJiEnxeh  and  combined  treatment  groups  were  0P4fi^  0,07 
0-  IB  ±  0*04,  0*2P  ±  0.00  and  0,02  ±-  0.00 1  g,  respectively*  Similar  results  were  seen  for  pleural  effusion,  with  287  ±  77 
\2±  12,  141  &  I07  and  0  *  0  ;it  iii  these  groups,  respectively,  Plcuffll  invasion  was  also  most  significantly  reduced  in  ihc 
combination  group,  ImmunahtstochcmtoaJ  atatolig  demonstrated  that  combined  ZP6474/picfiuxel  therapy  Induced  more 
extensive  lumour  mi  eiKtaitolifil  cell  apoptosis  Usui  cither  treatment  alone,  Conclusions:  Tli m  data  suggest  that  the 
combination  of  ZD6474  and  pnefitaxel  results  iu  significant  enhancement  of  antitumour  nod  nntmisculm  effect  which 
iranslaie  into  significant  (henipeuLie  benefits  in  vivo, 


Shibuya  K,  Komaki  R,  Wu  W>  Shintani  T,  Itasaka  S,  Isobe  T,  Ryan  A,  Herbst  RS,  O'Reilly  MS. 
Targeted  therapy  against  VEGFR  and  EGFR  signaling  with  ZD6474  enhances  the 
therapeutic  efficacy  of  irradiation  in  an  orthotopic  mouse  model  of  human  non-small  cell 
lung  cancer.  International  Journal  of  Radiation  Oncology,  Biology,  Physics  2004;60(1  Suppl 
S);S  149-50,  Abs  35  (46th  Annual  Meeting  of  the  American  Society  for  Therapeutic  Radiology 
and  Oncology,  Atlanta,  GA,  USA,  3-7  October  2004) 

Abstract 

The  effectiveness  of  ZD6474  and  radiotherapy  for  the  treatment  of  human  non-small  cell  lung 
cancer  was  compared  with  that  of  chemoradiation  in  an  animal  study  involving  an  orthotopic 
nude  mouse  model  and  an  in  vitro  study  using  the  human  lung  adenocarcinoma  NCI-H441  cell 
line.  Cell  proliferation  and  levels  of  sublethal  damage  were  assessed  in  irradiated  NCI-H441 
cells  which  had  or  had  not  been  treated  withZD6474  in  a  clonogenic  assay.  In  vivo,  mice  which 
had  received  injections  of  NCI-H441  cells  to  the  left  lung  were  randomized  to  receive  ZD6474, 
paclitaxel,  radiation,  ZD6474  plus  radiation,  paclitaxel  plus  radiation  or  vehicle  from  day  8  until 
days  24-26  after  injection.  Tumor  burden  and  immunohistochemical  changes  were  then  recorded. 
It  was  found  that  cell  proliferation  of  H441  cells  occulted  72-96  3i  after  irradiation.  Cell  growth 
was  suppressed  by  ZD6474  by  55%  for  4  h  prior  to  irradiation  and  72  h  after  irradiation.  The 
radioresponse  was  increased  by  a  factor  of  1.37  in  the  clonogenic  assay.  ZD6474  was  found  to 
suppress  sublethal  damage  repair  completely  for  4  h  split  time,  Recovery  ratios  were  found  to  be 
1.34  and  1.04  in  the  control  and  ZD6474  groups,  respectively.  In  the  mouse  model,  the  greatest 
inhibition  of  tumor  growth  and  metastasis  was  observed  in  the  ZD 6474  plus  radiation  group. 
Increases  in  lung  weight  of  330%,  200%,  155%,  147%  and  110%  were  noted  in  mice  treated 
with  vehicle,  radiation,  ZD6474,  paclitaxel  plus  radiation  and  ZD6474  plus  radiation, 
respectively.  The  total  weights  of  disseminated  lesions  were  found  to  be  197,  160,  53.9, 47.5  and 
17.2  in  control,  radiation,  ZD6474,  paclitaxel  plus  radiation  and  ZD6474  plus  radiation-treated 
mice,  respectively.  The  formation  of  pleural  effusion  was  inhibited  to  a  greater  extent  by 
ZD6474  plus  radiation  than  paclitaxel  plus  radiation  (14.2  and  246  mcl,  respectively).  A 
significant  increase  in  tumor  cell  apoptosis  was  noted  in  mice  which  were  treated  with  ZD6474 
plus  radiation.  In  lung  primary  tumors,  microvessel  density  was  found  to  be  55, 52, 13, 42,  3 1 
and  16  in  mice  treated  with  vehicle,  radiation,  ZD6474,  paclitaxel,  paclitaxel  plus  radiation  and 
ZD6474  plus  radiation,  respectively.  The  authors  conclude  that  significant  anti- angiogenic,  anti- 
vascular  and  anti-tumor  effects  were  observed  with  ZD6474  plus  radiation  treatment  in  vivo  and 
in  vitro. 
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ZD6474,  a  small  molecule  targeting  VEGF  > 

and  EGF  receptor  signaling,  inhibits  lung  ► 

angiogenesis  and  metastasis  and  improves 
survival  in  an  orthotopic  model  of  non-small  cell  lung  cancer 
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Vascular  endothelial  and  epidermal  growth  factor  receptors  (VEGFR,  EGFR)  arc  critical  regulators  of 
tumor  and  endothelial  cells,  To  further  understand  the  role  of  VEGFR  and  EGFR  signaling  in  human 
lung  cancer  progression,  we  investigated  the  anliangiogenic  and  antimetaslalic  activity  of  ZDG474  (a 
selective  small  molecule  inhibitor  of  VEGFR-2  tyrosine  kinase  with  additional  activity  against  the 
EGFR  tyrosine  kinase)  using  in  vitro  and  in  vivo  systems.  In  the  human  lung  cancer  cell  line  NC1-H441 
(which  we  determined  to  express  VEGF,  TGF-alpha,  VEGFR-2  and  EGFR)  and  mouse  lung  endothelial 
cells  (MLECs),  ZD6474  inhibited  EGFR  phosphorylation,  VEGFR-2  phosphorylation  and  subsequently 
downstream  Akt  phosphorylation.  ZD6474  treatment  of  both  NCI-H441  and  MLECs  decreased 
proliferation  and  colony  formation,  induced  apoptosis  and  inhibited  migration  and  invasion.  These  in 
vitro  data  suggest  that  ZD6474  targets  multiple  events  that  are  important  for  both  angiogenesis  and 
metastasis.  ZD6474  also  inhibited  in  vivo  angiogenesis  formation,  demonstrated  by  a  decrease  in 
microvcssel  density  (MVD)  in  subcutaneously  implanted  gelfoam-agarose  sponges.  To  better 
characterize  the  effect  of  ZD6474  in  human  lung  cancer,  an  orthotopic  model  using  NCI-H441  cells  was 
developed  that  closely  mimics  the  patterns  of  growth  and  metastasis  observed  in  the  clinic.  Treatment 
was  evaluated  at  different  stages  of  tumor  progression  (early,  middle  and  late)  with  ZD6474  initiated  on 
day  5, 10  or  15  after  tumor  injection,  respectively.  ZD6474  (25  mg/kg  and  50  mg/kg)  impaired  pleural 
eflusion  formation  and  pleural  invasion  at  every  stage.  Daily  oral  dosing  with  25  or  50  mg/kg  ZD6474 
(initiated  on  day  5  following  tumor  inoculation)  resulted  in  the  almost  complete  suppression  of  the 
growth,  invasion  and  metastasis  of  established  lung  tumors,  when  compared  with  controls  (E<0.001). 
Therapy  with  50  mg/kg  ZD6474  initiated  on  day  15  after  tumor  injection  significantly  prolonged 
survival  by  >300%  relative  to  the  control  (25  days  vs  80  days,  the  time  of  experiment  termination, 
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fO.OOl).  Immunohistochemical  staining  demonstrated  an  increase  in  endothelial  cell  apoptosis,  and  a 
reduction  in  MVD  and  proliferating  cell  nuclear  antigen  in  the  tumor  specimens.  We  conclude  that  the 
combined  inhibition  of  both  VEGFR  and  EGFR  with  ZD6474  induces  significant  antivascular  and 
antitumor  effects  that  translate  into  significant  therapeutic  benefits  in  vivo,  providing  a  basis  for  the 
design  of  clinical  trials  in  human  lung  cancer  patients. 
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Wu  W,  Isobe  T,  Onn  A,  Shintani  T,  Itasaka  S,  ShibuyaK,  Langley  RR,  Hansen  JC,  Fidler  U, 
Ryan  AJ,  Herbst  RS,  O'Reilly  MS.  Targeted  therapy  against  VEGF  and  EGF  receptor 
signaling  with  ZD6474  blocks  angiogenesis  and  inhibits  the  growth  and  dissemination  of 
orthotopic  human  lung  cancer  in  mice.  Clinical  Cancer  Research  2003;9(1  <5  Pt2  Suppl 
S) :6143s,  Abs  B15  (AARC-NCI-EORTC  International  Conference,  Boston,  MA,  USA,  17-21 
November  2003). 

Abstract 

The  aim  of  this  study  was  to  investigate  the  role  of  the  vascular  endothelial  growth  factor 
receptor  (VEGFR)  and  the  epidermal  growth  factor  receptor  (EGFR)  signaling  in  human  lung 
cancer  progression  by  examining  the  anti-angiogenic,  antivascular  and  antitumor  effects  of 
ZD6474  both  in  human  and  mouse  endothelial  cells  and  in  2  murine  orthotopic  models  of  human 
non-small  cell  lung  cancer.  EGF  and  VEGF-induced  proliferation,  EGFR  phosphorylation  and 
VEGFR-2  phosphorylation  were  inhibited  by  ZD6474  treatment  in  both  pulmonary  artery 
endothelial  cells  and  in  murine  lung  microvascular  endothelial  cells  (MLEC).  These  results 
correlated  with  decreased  expression  and  decreased  phosphorylation  of  mitogen-activated 
protein  kinase  and  Akt.  In  addition,  an  increase  in  DNA  fragmentation  and  caspase-3  activation 
(endothelial  cell  apoptosis  indicator)  was  reported  following  treatment  of  MLECs  with  ZD6474 
which  also  resulted  in  inhibition  of  tubule  formation  and  extracellular  matrix  attachment. 
Altogether,  these  results  suggest  that  ZD6474  targets  multiple  pathways  that  are  critical  for 
angiogenesis.  In  the  second  part  of  the  study,  the  effects  of  ZD6474  in  human  lung  cancer  were 
characterized  using  several  orthotopic  human  lung  adenocarcinoma  (PCI4PE6  and  NCI-1  T441) 
models.  Administration  of  ZD6474  once  daily  orally  to  mice  induced  nearly  complete 
suppression  of  the  growth  and  invasion  of  established  lung  tumors.  In  addition,  lung  weight  was 
almost  normal  in  ZD6474-treated  mice  in  both  lung  adenocarcinoma  models,  compared  witii  the 
300%  increase  observed  in  untreated  controls.  Moreover,  ZD6474  treatment  was  able  to 
completely  prevent  pleural  effusion  formation  and  to  inhibit  chest  wall  invasion  by  >  85%.  In 
contrast,  no  change  in  lung  cancer  progression  was  observed  following  systemic  weekly  therapy 
with  paclitaxel.  ZD6474  treatment  also  almost  completely  suppressed  angiogenesis  in  lung 
tumors,  The  authors  conclude  that  "the  combined  targeting  of  VEGFR  and  EGFR  with  ZD6474 
induces  a  significant  antivascular  effect  that  translates  into  significant  therapeutic  benefits  in 
vivo,  providing  a  basis  for  the  design  of  clinical  trials  in  human  lung  cancer  patients". 


